Laser Anemometer Measurements in Drag-Reducing Channel Flows by Reischman, Michael Mack
LASER ANEMOMETER MEASUREMENTS ,IN 
DRAG-REDUCING CH.ANNEL FLOWS 
By 
Ml CHAE~ .MACK ~EISCHMAN 
Bach_elor of Science In Mechanical Engineering 
New Mexico State University 
~as Cruc.es, New Mexico 
1967 
Master of Science In Mechanical Engineering 
New Mexico State University 
Las Cruces, New Mex I c0 
1969 
Submitted to the F~culty of,the Graduate Col l~ge 
of the Oklahoma St~te University 
In .partial fulfi I lment of the requirements 
for the Degree of 
DOCTOR OF PHILOSOPHY 
D9(;(3mber, 1973 
/ 
LASER ANEMOMETER MEASUREMENTS IN 
DRAG~REDUCING CHANNEL FLOWS 
Thesis Approved: 
Tbes i s Adv 1 se r 'IJ 
L 






MAY 13 1974 
ACKNOWLEDGMENTS 
I would I ike, above al I, to thank my advisor, Oro Wi 11 iam Go 
Tiederman, Jr, for his personal interest and excel lent guidance through-
out this study, Thanks also go to Dr, Dennis K, Mclaughlin for the 
many discussions contributing insight about laser anemometryo I am also 
grateful to Nancy El I iott for the numerous drafts and to Eldon Hardy 
for the exce I I ent a rt work, 
The Mechanical and Aerospace Engineering Department of Oklahoma 
State University supported the research discussed here and partially 
provided my livelihood - both of which are greatly appreciatedo 
However, the I I oness I share of the thanks must go to my wife "Babe" 





TABLE OF CONTENTS 
INTRODUCTION. O 9 0 • 
Purpose , , • 9 , , -•• o " o 9 o o 
Review of Previous Investigations. 
Scope of the Present Study • ~ 
EXPERIMENTAL TECHNIQUES 
Water Channel and.Flow System. 
90° Side-Scatter Laser Anemometer. 
LAMIR Data Processing •• 
r.i 9 o t 'o 
0000Q9 
9Q90QO 
. . . 
Data Acquisition •••••••• 
Data Reduction ••••• 
Data Corrections •••••••• 
Statistical Biasing 
. ·. 
. . . 
. . 
Velocity Gradient Biasing ••••• 
Seed Injection • , •• , •••• 
0 . 0 0 0 
Polymer Solution Characterization • 
Pressure Drop • • •••• . . 


















I 114 EXPERIMENTAL DATA . . . o "0 0 0 28 
IV. 
v. 
Velocity Measurements· in Water 30 
Ve I oc I ty Measurements in Drag-Reducing 
Solutions. • • • • • • • • • • • • • • • • • • 34 
Comparl sons •••••• ·• • • • • • • • • 38 
Eddy Diffusivity • • • • • • • • • • • • • • 40 
Polymer Solution Characterization • • • • 46 
Drag Reduction • • , • • • • • • • 46 
Viscosity. • • • • 46 
DISCUSSION • '0 48 
Mean Veloclty. • • • • • 
Turbulent Intensities •••••• 
0009000000 
o o 'o o o 
48 
58 
SUMMMARY AND CONCLUSIONS • 0 0 '0 0 0 ·o o o o o o 61 
Summary • o o • o ·-o o o o o "o o o o ··Q 61 
Mean Velocity and Transport property 
Calculations • • • • ·• ••••••• 62 
tiB Predictdions _ ••••• ·• •. • • • • • • 62 
Iv 
Chapter 
Mean Flow and Turbu.lent Intensities . 
Conclusions. 
SELECTED BIBLIOGRAPHY. 0 0 0 . 0 
APPENDIXES eooo"•o•ooeooooo9 
A. UNCERTAINTY ESTIMATES AND DATA TABULATION 
B, DRAG-REDUCTION RESULTS •• 0 0 0 0 0 










LIST OF TABLES 
Tab le Page 
Summary of Past Investigations •• 3 
II Polymer Characteristics 
0 " " Q " " " 
9 
II I Summary of Experimental Scope. . . O O 9 9 29 
IV Shear Velocity Comparison - Walt Slope and Log Fig 32 
V Summary of Law of the Wal I Constants • • Q ~ 37 
VI Histogram Sample Sizes 39 
VI I Constant for Drag-Reduced Eddy Diffusivity 45 
VI I I Comparison of Near-Wal I Laser Anemometer Measurements 
in Drag-Reducing Flows • • • • • • • • • • • • • • • 50 
IX t.B Pred r ctors 53 
X Comparison of Actual to Predicted Values of l\B 54 
XI Results of l\B Prediction Using Cess Model • 57 
XII Velocity Data Tabulation 71 
vi 
LIST OF FIGURES 
Figure Page 
1. Schematic of Two-Dimensional Channel with Bowed Wal Is. 80 
2. Upstream Settling Chamber of the Turbulent Flow Channel • 81 
3. Turbulent Flow Channel - Overview •••• . . . . .. 










Side-Scatter Laser Anemometer Measuring Individual 
Realizations (LAMIR), ••• , , .••••• , ·• ••• 
Photograph of LAMIR and Turbulent Flow Channel • • • 
Schematic of Flow Channel and Optical Components . . 
Cross Section of Probe Volume • ... . ... . . . • • . . • 
Block Diagram of Data Acquisition and Reduction System 
Histograms of Doppler and Pedestal Frequencies • . . 
Comparison of Time-Average and Individual Realization 
Mean· Velocities for Turbulent Flow ••••• 
Comparison of Biased and Corrected Velocity Histograms 
I I lustrati.on of Velocity Gradient Correction 
14. Line Diagram of Seed Injection System •••• 
. . . 81 
82 
83 
· .. • .  . 84 
. • . . 85 
. • · . . 86 
87 
. . .. 88 
Q O Q Q · 89 
0 0 O 90 
.o O O 91 
92 
15. Line Diagram of Pipe Pressure Drop Apparatus ••• ~ • A • ~ • 93 
16. Symmetry Properties of Turbulent Flow Channel 0 0 0 "o G 94 
17. Two-Dimensional Properties of Turbulent Flow Channel 95 
18, Law of the Wa 11 Mean Ve I oclty Prof i les • • o 'O o .o 96 
19, Shear Velocity Correlation •• ~ ••• e .t o 'o G . e a "o ' 97 
20. Comparison of ·Biased and Corrected Mean Velocities In 
Near-Wa I I Region • :. • • • • .. • • ·• ·• • • ·• ·• • • ·• ·• .• • · 98 
vi I 
Fl gure Page 
21. Non-Dimensional Near-Wal I Mean Velocity Measurements. • 99 
22. Streamwise Turbulent Intensities "90900~0 .• 0 0 100 
23. Streamwlse Turbulent Intensities Normalized with Wal I 
Layer Parameters. . . . . . . ~ ' • 0 . . . 101 
24. Mean Velocity Profiles for Drag-Reducing Flows 102 
25. Ratio of Average to Maximum Velocitles as a Function of 
Reynolds Number • • • • • • • • • • • • • • • 103 
26. Non-Dlmensional Mean Veloclty Prof Iles for Separan AP273 •• 104 
27. Non-Dimensional Mean Velocity Profiles for Magnifloc 837-A. 105 














Normalized Meqn Velocity Profiles for Drag-Reducing 
Flows - Near-Wal I Region •••••••••••• 
Streamwise Turbulent Intensities for Drag-Reducing 
Flows . 0 . . • . . . . . . . . . . . . . . 
Near-Wa I I Turbulent Intensities for Sep a ran AP273 
Near-Wa 11 Turbulent Intensities for Magnlfloc 837-A 
Near-Wa I I Turbulent Intensities for Polyox WSR-301 
. 
. . . . . 
. 
Comparison of Histograms for Drag-Reducing and Solvent 
Flows . . . . . . . .  . . . . . . '• 
Energy Density Function Comparison c/ "' 9) . • • • . 
Energy Density Function Comparison (y + "' 20) 0 . . . 0 0 0 . 
Energy Density Function Comparison (y + "' 32) 0 0 0 . . 
Comparison of Experimental and Calculated Velocity Profiles 
for the Solvent Flows . 0 . 0 0 . . 
Eddy Dlffuslvlties for Solvent Flows • .• . . . 0 . .. . . 
Comparison of Experimenta I and Calculated Velocity Pr>of i I es 
for Separan AP273 . . . . . . . . . . . . . . . 
Comparison of Experimenta I and Calculated Velocity Prof i I es 
















42. Comparison of Experimental and Calculated Velocity Prof! le; 
for Po I yox WSR-301 • • , .• • ·• • • • ·• ·• • • ·• •. • • • • . • 119 
43. Eddy Diffusivities for Drag-Reducing Flows of Polyox WSR-301 










Eddy DI ff us I vi t i e.s fol" Drag-Reducing Flow of Magnlfloc 
837-A . • . • .. • • . . . .. . . . . . . . • . . • . 
Compari,son of Ed.dy Di ff us iv it I es for Sol.vent and Drag-
Reducl ng Flows . • • • . • . • • 0 -~ • .. . . . . 
Effect'of Shear Rate uponrthe Visc9sTty of the Drag-· 
Reduc i r'lg So I ut i on1 • • • • • • • • ·• • • • ·• • • • 
Generalized Non-Dimensional Velocity Profile •• o o _o 
Evaluation of 68 Predictors (Elataj Meyer and 
. . . 
. .. . 
. . 
van Driest)· o a o o o _o a ·o o o o o o ·o " . o o o v 
Evaluation of the 68 Predictors O Q O O O O ,0 0 O O O Q O O 
Correlation of 68 with Percent Drag-Reduction 
Drag-Reducing Characteristics of Sepa!"an AP273 . . • • • 
Drag-Reducing Characteristics of Magnifloc 837-A. . . 














A I aw of the wa 11 constant slope == 1 /k 
A+ constant in eddy diffusivity expression 
B law of the wal I constan~ intercept 
B' constant in LiB predictor of van Driest 
C buffer region velocity prof! le constant, slope 
D buffer region velocity prof! le constant, Intercept 
DR . drag reduction, % 
















constant in LiB predictor of Rudd, D' 
diameter, inches 
eddy diffusivity, E.= E/o 
Qopp I er frequency ,-:Hz 
calculated low frequency bound, Hz 
calculated high frequency bound, Hz 
constants In the LiB predictor of Tomita 
von Karman constant, k = 0.41 
modified mixing length constant in LiB predictor of van Driest 
constant in the LiB predictor of Rudd 
buffer region constant in LiB predictor of van Driest 
number of individual velocity realizations 
non-dimensional pressure gradient, P = Tw 
pU2AYG pres sure, ps l 
probabl I lty density function 
x: 
Re Reynold number, Re= UAVG DH/[u]SOL 
R Reynold number based on channel half width, R = LiAyGW 
2u 
T period, sec 
TD mean Doppler period, sec 
T8 average time between bursts, sec 
t1 polymer relaxation time, sec 
t time, sec 
U instantaneous streamwise velocity, U ='IT+ u 
U streamwise mean velocity, ft/sec 









bulk average velocity, ft/sec 
channel centerline velocity, ft/sec 
I 
shear velocity, u, = [,w/p] 2 , ft/sec 
critical or onset wal I shear velocity, ft/sec 
streamwise turbulent intensity, u' = lu2 • 
streamwise velocity fluctuation, ft/sec 
+ -non-dimensional velocity, U = U/u, 
individual realization of the streamwlse component of the 
velocity vector 
individual realization of the velocity vector 
turbulent intensity normal to the wal I v' = lflE" 
channel width, inches 
streamwise coordinate direction, inches 
coordinate direction normal to wal I, inches 
non-dimensional distance, y' = 2y/W 
y+ non-dimensional distance normal to wal I, y+ = yu,/u 
xi 
y1 dummy variable 


















beam intersection dimension In streamwlse direction, inches 
beam intersection dimension normal to the wal I, inches 
beam Intersection in the spanwise direction, inches 
additive constant in law of the wal I 
weighting function 
geometric function relating the projected area of the probe 
volume to Vi 
streak spacing, inches 
non-dimensional streak spacing, A+~ Au,/u 
0 
wavelength of light, A 
beam Intersection angle, degrees 
klnematic viscosity, ft 2 /sec 
wal I shearing stress, psi 
.fluid density, lb/ft3 
energy density function 
turbulent ·diffusivity, ft 2 /sec 
'p roport i ona 11 ty constant in 6.8 predictors 
Subscripts. 
SOL solvent equivalent 




w wa 11 
buffer region 
mw milliwatts 
gpm gal Ions per minute 
mg mi I I I grams 
I iter 
Abbreviations 




The general characteristtcs of drag-reduction can best be under-
stood in terms of the precise definition offered by Lumley (1 ). He 
defines drag-reduction as the "reduction of skin friction in turbulent 
• 
flow below that of the solvent alone". The "reduction in skin friction" 
refers to a lowering of the wal I shearing stress when smal I amounts, 
less than 250 wppm (parts per mi I lion by weight), of a high molecular 
weight polymer are added to a Newtonian solvent. The drag-reduction 
(friction-reduction) is greater than that obtained due to the change 
in Reynolds number caused by the minor changes in the solvent viscosity 
or density. As the definition points out, the addition of polymer addi-
tives results in drag-reduction only when the flow is turbulent. Recent -survey articles, such as those by Hoyt (2) and Lumley (1), provide 
excel lent commentary on additional aspects of the drag-reduction phenom-
enon and its application. 
Drag-reduction has been studied by various techniques. Pressure 
drop-flow rate experiments have shown only the magnitude and scope of 
the phenomenon. For example, a maximum drag-reduction asymptote of 
approximately 80% exists and drag-reducing additives include soap solu-
tions, algae, plant derivatives and high molecular weight polymers. 
Flow visualization experiments have given some insight into the drag~ 
reduction mechanism and have provided the basis for qualitative inter-
pretations.about various aspects of a drag-reducing flow •. Numerous 
ve I oc i ty measurements. have been made in an atte1mpt to. quant I fy the 
effect of polymer additives. Due to the ambiguities ,in the measure-
ment technique and confusing features ·of the flow faci lltles, these 
past works are contradictory and difflctJlt to interpret. 
Purpose 
2 
The major purpose was to accurately measure the mean and fluctuat-
ing velocities of a drag-reducing flow in'a fully-developed, two-dlmen~ 
sional turbulent channel flow •. · Th.e intention .was to make velocity 
measurements which are sufficient to, 1) describe the mean turbulent 
transport of momentum, 2) test theoretical. models of past and future 
investigators and 3) make inferences about the drag-reduction mechanism. 
Inherent in the above purpose, is the fundamental desire to measure 
the effects of the polymer adclitlves on only the turbulent .processes. 
Consequently, the slmp lest experimental ·apparatus which possesses al I 
the essential features of a turbulent shear flow, namely, production, 
convection and dissipation, was .chosen. This apparatus yields a fully-
developecl, two-dimensional channel flow. An apparatus of this type is 
suitable to give results leading to a better understanding of the drag~ 
reduction mechanism and to provlqe the test case for modeling techniques. 
The des I red accuracy of. the ve t,ocl ty measurements required the use 
of a laser.Doppler anemometer. A laser anemometer measuring individual 
rea I i zat ions was used because It was the on I y. present day I ase r anemo- · 
meter technique which would yielcl accurate measurements in the high 
fluctuation, near-wal I region. The technique also has the c;1dvantages 
of straightforward and uncimbiguous data analysis. 
3 
Review of Previous Investigations 
Twenty of the previous investigations which have measured veloci-
ties .in drag-reducing flows are I isted In Table I. The number of 
these Investigations and the ce,ntlnulng attempts to conduct the defi-
nitive experiment lndfcates the interest In the problem and the lack of 
faith tha.t.the sclenti.fic community has. in the bulk of these measure-
ments. The reasons that none of these experiments have been conclusive 
has varied. tn most cases the prob'lem has been the m~asurement device, 
but in others the difficulty has been the flow apparatus. 
The experimental techniques can be divided into four groups: 
bubb I e tracing, I aser Dopp I er anemometers, hot-e I ement probes and 
pltot probes. The largest group is the pitot probe investigations. 
Pltot probes are subject to error and Metzner and Astarita (23) attri-
bute these errors to the influence of additional viscoelastic normal 
stress terms. Consequently, the time-average off luctuating stresses 
are not simply related to the time-averaged v~toclty fluctuations. 
For example, Smith, et al. (24) have demonstrated that·measurements in 
ldentlcal flow situations made by various size pltot probes yield 
different results. Corrections for pito.t probe techniques are complex 
and in most cases are omitted •. A notable exception is Tomita (19), 
who has.appl led viscoelastic corrections to his pf tot probe mea$urements. 
Hot-film and hot-wire sensors depend upon the heat transfer char-
acteristics of the medium. Friehe and Schwartz (25) have show~ that 
hot-element sensors are difficult to cal lbrate since the polymer addi-
tives alter the heat transfer characteristics of the solvent.· Moreover, 
the calibrations drift unpredictably as contaminates collect on the 
lnvestlgat0r 
Chung & {jl"aebe I C3) 
Elata~ et al •. (4) 
Ernst (5) 
Giles (6) 
Go I dste in I et a Io (7) 
Goren, Norbury (8) 
Ki I !en & A Imo (9) 
Kumor & Sylvester (10) 
Logan U l ) 
N i cedemo, . $'t a L.. Cl 2 ) 
TABLE I 
SUMMARY OF PAST · 1 NV EST I GAT I QNS 
Experimental Faci I lty 
.47 11 plj!)e, gravity drain, approximately 400 
diameter downstream 
2 11 pl pe, probe d I ameter == • 1211 
". 75 11 , 1. 50 11 pipes, 400, 125 diameters dG'Wn-
str:-eam, blowdown operation, ,,J)07 11 pitot probe 
1.25 11 pipe, .021 11 probe diameter, 133 diameters 
downstream1 pumped 
.55 11 glass tube, 65 diameter downstream, gravity 
feed 
211 pipe, gravity drain 
Rotating concentric cy Ii nders 
8 11 square duct with splitter plate, p,umped 
t" square duct, 65 diameters downstream, gravity 
feed, gravity drain 
.79", 1.21" ripes, probe diameter of .3", towing 
tank 
Measurement Type 










Pi tot Prcibe .j::,. 
Patterson & Florez (13) 
Roi I In & Seyer 0.4) 
Rudd 05) 
Seyer & Metzner (16) 
Shankar (17) 
Spangler Cl 8) 
Tomita (19) 
Wetzel & Tsai (20) 
Virk, et al. (21) 
We I I s, et a I • C 22 ) 
TABLE I (Continued) 
111 pipe, 200 diameter downstream, pumped 
1 11 , 2. 75 11 pl pes; 187, 117 diameters down-
stream, .pumped flow 
f" square duct, 120 widths downstream, pumped 
1 11 p I pe 
1.25 11 pipe, sample size of 8-10, pumped flow 
.76l" plf'e 
l" pipe, 180 diameters downstream, probe 
di amete r "' • 040 
Gravity. flow water, 6 11 tunnel LJ:-4-8 ft/sec 
1.26 11 pipe, blowdown, .010'' and .066" probe 
diameter 
• 76 11 pipe, 400 diameter downstream, probe 
d I ameter == · O. 20 11 
Hot Fi Im Anemometer and 
Pitot Probe 
Bubb le Tracing 
LOA 
Bubble Tracing 








sensors.' .. Jhi,s drifting problem Is particularly severe in di lute polymer 
solutl0ns where the sensltlvl~y of the probe to velocity changes is 
lower.than It Is In water alone.' 
Bubble tracing is-an extremely tedious precess, and c~nsequently 
sample sizes are generally smal I. For accurate results large samples 
are required, partlcularly In the near ... wall. region (see Donohue, et-al. 
[26]). For thls re.ason bubble tr.acin!±) results have been hampered by 
large uncertainties. 
;.:y·' . 
The fourth group of workers have used the I aser Dopp I er anemometer, 
which ls a non-interfering instrument that does not depend on the rhe-
ological or Intensive prepertles .of the working fluid.· Properly applied 
It is generally believed that it .wi I I yield excel lent results. in a 
di lute polymer flow. Th~ laser anemometer was first used in drag-reduc-
ing flows by four investigators almest simultaneously: Chung and 
Graebel (3)', 'Goldstein, et .. al. (7), Rudd (15) and Shankar (1.7). The 
measurements of Shankar (17) have insufficient sample sizes for accurate 
results. Meanwhile, Goldstein, et al. (7) made measurements only on 
the tube center! lne. Chung and Graebel (3) were operating in a smal I 
pipe where the spatial resolutl,on of their laser anemometer was very 
poor because the longest dimenslen of.their probe volume was oriented 
normal to the wal I~· 
There ls a group which appears.to have made acceptable laser velo-
city measun;iments in drag-reducin~ flows~ This group consists of Rudd 
(15), Logan (111 and Kumor and Sylvester (10). · Rudd's measurements 
were by far the most comprehensive, .and his results were the first to 
quantify .the so-cal led .viscous "sublayer,thickenlng" and to show in-
creaseo stream~lse Intensities and decreased spanwlse intensities. 
Logan (11) verified Rudd's findings in the streamwise direction and 
made measurements of the turbulent Intensities normal to the wal I, as 
well as Reynolds stress distribution for a drag-'reducing flow. The 
7 . 
most recent work ls that of Kumor and Sylvester ClO), which was designed 
to characterize the mean and f luctuatlng velocity components of a di lute 
polymer solution undergoing progressive degradation, Their measurements 
extend to a y+ of three and are the most detal led in that aspect. These 
last researchers, Rudd, Logan, Kumor and Sylvester, .present the best 
ava i I ab I e data but a I I were conducted in a square apparatus. 
Rudd (15) and Logan (11) both uti I ized a one-half inch square duct 
for their measurements. Whitelaw (27) has recently shown that non-sym-
metric secondary flows are significant in square-duct flows. In fact, 
Logan recognized part·of the problem of operating in a small squarn and 
measured the secondary flow. He then calculated that u, values based 
upon pressure drop were 30% to 40% low compared to two-dimensional 
values of u,. This ambiguity is evident in the abnormally high results 
for the normalized solvent turbulent intensities 1 u1 /u,, shown by both 
Rudd and Logan. However, there is sti 11 the problem that the flow field 
is three-dlmensional. Kumor and Sylvester used an eight-inch square 
duct with a submerged off-center flat plate. Boundary layer measure-
ments were made by traversing the laser anemometer normal to the plate. 
Secondary flows and the pressure gradient in this type configuration 
are not known. Kumor and Sylvester have offered no water data results 
that al lows verification of the suitabi I ity of this faci I 1ty. In al I 
cases the experimental apparatus yielded secondary flows or unknown 
pressure gradients which confuse the issue about the effect of the 
polymer additive on the turbulence. 
8 
In addition to Inconsistencies in the flow facility, the type of 
laser anemometry used Is ef concern. Alf three, Logan, Kumar and 
Sylvester and Rudd used continuous-wave systems.· Continuous-wave laser 
anemometers are susceptible to the Doppler ambiguity and signal "drop 
out", both of which are fundc1mental I lmltations. A spectrum analyzer 
was used in al I three cases and the effect of signal drop-out on a 
spectrum analyzer Is not fully understood. 
Polymer solution degradation is the last Item of.concern. It has 
not been established thc1t a 40% drag-reducing degraded solution wi I I 
yield the same velocity prof! le as a fresh solution at. 40% drag~reduc-
tion. Kumor and Sylvester closely documented their drag-reduction, but 
there is no assurance that their velocity profiles are valuable in a 
comparative sense. Rudd's pumped system, no doubt, had some polymer 
degradation, but it was .not outlined nor its importance mentioned. 
In summary, previous results from al I four groups have fa! led to 
yield accurate velocity measurements which can be used to I) test the-
oretical models, 2) provide calculation schemes.for engineering predic-
tions, and 3) determine how polymer additives effect the turbulent 
mechanisms. 
Scope of the Present Study 
The concept was to bui Id a two-dimensional turbulent flow channel 
which, due to a slight bowing of the side wal Is, permitted laser anemo-
meter measurements of both mean and fluctuating components of velocity 
to be made with good spatial resolution. A one· inch channel width was 
chosen such that.shear velocities on the order of 0.20 ft/sec could be 
attained at flow rates of 200 gal Ions per minute, Velocity measurements 
9 
were made as systematic variattons in the polymer-types and flow rates 
were being made. The polymer types-were varied In an effort to examine 
the effect of molecular weights, and flow rates were varied for each 
polymer to examine the effect of the change In drag-reduction. The 
variations employed In these two parameters are outl.lned In Table 11. 
Polym~r 
Magn 1-f I oc 837-A 
(po I yacr:y I amide) 
Separan AP273 
(polyacrylamide) 




POLYMER CHARACTER) ST I CS . 
Molecular 
Weight~ Manufacturer 
15 x 106 American Cyanimid 
7.5 x 106 Dow 
4 x 106 Union Carb I de 
% Drag-Reduction 
Emp I oyed .. 
23.8, 35.4, 39.9 
31.3, _34.5, 40.4 
37.8 
A I I tests were conducted at a po I ymer concentration of I 00 wppm •. 
The shear rate dependence of viscosity of each drag-reducing solution 
wa$ obtained over a wide range of shear rates (15 sec-1 to 1000 sec-1 ). · 
Drag-reduction characteristics were obtained for each di lute polymer 
solution by conducting pressure drop-flow -rate tests •. However, drag-
reduction In .the cl;iannel was determined by calculating the shear velo~ 
city from the slope of the velocity profile near the wal I and comparing 
10 
it with .the wal I shear velocity for an equivalent solvent flow rate" 
Velocity measurements were made with a laser anemometer measuring 
individual real lzatlons (LAMIR) at from seven to nine locations in the 
two-dimensional channel. The velocity data Is naturally free from the 
ambiguities of continuous-wave laser anemometer systems, and was cor-
rected for the error;s due to both statlstlcal biasing of the realiza-
tions and the velocity gradient. The sample sfze of the Individual 
realizations were, with the exception of two locations, large enough 
to insure (at the 95% confidence level) that the measurements were 
within 5%. The bulk of the measurements were withlh 2;5J tci. 3%" ,nThe 
experimental apparatus, peripher~I components and data hand I Ing equip-
ment are described in Chapter I I. 
Chapter I I I contains the results and comparisons derived from the 
experimental measurements. The experimental data was uti I ized in est<;1b-
l lshing a mean veloclty prediction technique for seven drag-reducing 
flows wherein three different polymers were used" The turbulent trans~ 
port properties were predicted using the mean velocity prof! le infor-
matton for the same flows" The turbulent intensity data provided a 
basis by whrch comparisons could be made and possible structure infor-
matlon could be Implied. The fluctuation data was also used in the 
calculation of energy density functions, which permits data presenta-
tion In the energy domain. 
The discussion of the results and how they may be interpreted in 
llght of previous investigations is the subject of Chapter IV" The 
results are summarized and some conclusions are drawn in Chapter Vo 
CHAPTER 11 
EXPERIMENTAL TECHNJQUES 
This chapter presents the detal Is of the turbulent channel flow 
faci I ity, Its peripheral components and the Individual real lzatlon 
laser anemometer .used for velocl.ty mea"!ll.lrements. The data col lectlon? 
reduction and correction techniques are discussed, as wel I as the ex-
perimental procedures used for characterizatfon of t,he di lute polymer 
so I uti ons •. 
Water Channel and Flow System 
The flow faci I ity ls basically a two-dimensional channel suffi-
ciently long such that velocJty profile measurements could be made at 
a location .where the flow is fully-developed. The unique feature of 
the channel Is that the side walls are bowed inward very slightly. 
This al lows the spatial resolution of the laser anemometer to be maxi-
mised In the near-wal I region. 
The flow channel was constructed (see Figure 1) with clear plastic, 
seamless wal Is. The uniform bowing was accompl !shed by means of a 
steel rod which, when forced inward at its support points, caused the 
channel wal.ls to bow inward along their entire length. A machined 
nylon gauge block was used to set a predetermined channel centerline 
width of 1.020 Inches after bowing. The channel shape and dimensions 
were checked on a mi I 11 ng machine to ensure uni form I ty and symmetry in 
the bowing over the entire length. Each wal I was bowed 0.047 inches. 
11 
12 
The channel is 12 inches tal I, has a cross-sectional area of 0,089 ft2 
and a hydraul le diameter of 0, 164 feet, The channel dimensions were 
checked at various flowrates and found to be constant within ±0,001 
inches from the above values. 
The entire turbulent flow channel is constructed of~ inch plexi-
glas, and can be seen in Figures 2 and 3. Water enters the upstrBam 
settling chamber (see Figure 2), which is 15 inches long, 15 inches 
high and llt inches wide, through a three-inch PVC pipe, The first 
baffle plate primarily redistributes the three-inch inlet flow from a 
jet-I Ike configuration to one more uniform over the cross section of 
the upstream chamber. Three remaining baffle plates (two 64 mesh 
stalnless steel screens and one uniformly drilled baffle plate using 
~ inch holes) serve to cut down the disturbance size and hence insure 
a uniform low disturbance flow near the channel entrance, 
The entrance to the channel from the settllng chamber is a Borda 
type entrance, which is located approximately three inches inside the 
upstream settling chamber (see Figure 2). The channel is 70 inches 
long, and the center of the test section is located 55 inches downstream 
of the entrance. The flow leaves the channel through a twelve inch x 
twelve inch overflow, constant head tank. The 600 gal Ion catch tank 
may be used to catch and recycle the working fluid, to route the fluid 
to the drain, or to serve as a reservoir tank for the pumped operation, 
Figure 4 shows the turbulent flow channel and Its circulation system, 
The overal I flow system can be operated in any one of three modes: 
continuously pumped, 600 gal Ion blowdown or.3700 gal Ion blowdown, The 
pumped flow mode is capable of a 200 gpm continuous flow by isolating 
the circulation system from the drain and by using the catch tank as 
an inlet reservoir for the pump.· The flow channel is isolated from 
any vibrations associated with the pump or its hardware. The pumped 
circulation system was utl Ii zed for laser anemometer setup and the 
solvent (water) data runs described later. 
The blowdown flow modes are uti Ii zed when the working fluid is a 
13 
di lute polymer solution, thereby minimizing polymer degradation and 
flow disturbances. By monitering the pressure and amount of air flow-
ing into either tank a constant flow rate through the flow channel is 
maintained. Flow rates up to 400 gpm may be achieved in the blowdown. 
modes. Al I piping, valves and fittings common t0 the three flow- modes 
are either stainless steel, PVC, or plexiglas. Run times varied from 
16 minutes to a maximum of approximately 40 minutes. Al I blowdown 
runs were routed to the drain after the solution had passed through 
the t.est section. Al I make-up water was filtered with a 0.5 micron 
woven filter and the entire flow loop was thoroughly flushed after each 
polymer run. Multiple flushes were also performed before each data 
run in order to remove impurities and check out the various systems. 
90° Side-Scatter Laser Anemometer 
The basic principle of the laser Doppler anemometer is to measure 
the Doppler shift of laser radiation scattered by smal I particles which 
are moving with the fluid, The frequency of the Doppler shift is dir-
ectly proportional to the particle velocity. 
The laser Doppler anemometer used here was of the Individual reali-
zation type, which measures the period for 10 cycles of a Doppler burst 
scattered from a single particle. The essential points about a laser 
anemometer measuring individual realizations (LAMIR) are that the slgna1 
14 
is not continuous and that veloclty reallzatlons occur only when a 
scattering center Is In th~ probe volume. The appearance of a scatter 
center in probe volume Is a random event with a probabl llty of occur-
rence proportional to the volume of fluid swept through the probe 
volume. The LAMtR output Is in a form that can be processed with wel 1-
known statistical techniques. That is, if a number of independent 
reallzatlons are recorded, the mean and standard deviation of the indi-
vidual realizations yield estimates of the mean and root mean square 
velocities. 
In contrast, if there are a I arge number of scatter! ng centers in 
the probe volume,.the output of the laser anemometer ls essentially 
continuous. The continuous-wave anemometers frequently employ a fre-
quency tracker which converts Doppler frequency to an analog signal 
proportional to the Instantaneous velocity. Trackers are, however, 
limited by their electronics, and'the measurement of turbulen-ce levels 
above 15% - 20% have questionable accuracy. In addition, continuous-
wave systems are fundamentally llmlted due to the Doppler ambiguity 
and signal drop-out. 
A schematic of the basic optical setup, which is a dual-scatter· 
or fringe anemometer system, is shown in Figure 5 •. The system shown 
uses a Spectra-Physics Model 130 5mw helium-neon (6328 A) laser and a 
RCA model 7326 photomultiplier. 
Figure 6 shows that the optical portion of the LAMIR is mounted on 
a traversing mechanism which in turn is mounted on a sturdy base. The 
base ls mechanically Isolated from the flow channel. The beam splitter, 
mirrors and transmitting lens yield two focused, intersecting, tempor-
ally and spatially coherent, plane polarized beams. The intersecting 
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beams form a beam cro~slng within which the llght waves-constructively 
and destructively Interfere, forming a fringe pattern •. The beam cross ... 
Ing .Is located such that It can be traversed across the vertical center 
of the flow channel. Figure 7 shows how the bowed flow channel wal Is 
and laser optics are used to give the best possible spatial resolutl.on, 
that.ts, the maximum dimension of.the beam crosslng'ls parallel, to the 
wal I, and the smallest dimension Is normal to.the wa.l I •. 
As·shown in Figure 7, the photomultiplier receives light.fr0m tt:ie 
co 11 ecti ng I ens that was scattered In a con I ca I pattern at 90° to the 
plane of the incfdent beams. The Intensity of light scattered at this 
angle. Is not.optimal - but three distinct advantages are present. First, 
the mechanism used to traverse the laser o~tlcs ,Is mechanically simple 
and c<;1n be Isolated from the flow. channel. Secono, there ls very I ittle 
optically generated noise present since the majority of the sources of 
stray. light are not In the field of view of the photomultiplier •. 
Finally, the 90° orientation provides an opportunity to optically re-
duce the beam intersection's long dimension by simply adding an aper-
ture In front of the photomultiplier. 
In water the configuration shown here yields a beam Intersection 
angle of 5.59° and the beams are.focused to a resolutlen ll,11lt ef 
0.0048 Inches at their 1/e.a lntensl.ty point. The Doppler frequency; 
fD, Is a function of the wavelength of .incident light, the index of 
refraction of the medium and.the beam Intersection angle. Thus, for 
the configuration shown, fo was.62.56 KHz for a velocity of one foot 
per,second. The beam Intersection dlmensl0ns are l!.Y.= l!.X = o •. 0048 
Inches and l!.Z = 0.105 Inches. Due to the col lect,ing lens and aperture 
the only focused light reaching the photomultiplier comes frem the 
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center 0.025 Inches of the beam intersection. Thusp the probe volume 
may be considered a cyllnder of 0.0048 inches diameter and 0,025 Inches. 
~ength. These distances are to be compared with the calculated smallest 
disturbance size. The Kolmogoroff mlcroscale ls an indication of the 
minimum eddy size posslble for specific flow conditions. For the flow 
rates and velocltles employed here, the mlcroscale ls calc~lated to be 
0,100 inches, which ls much larger than the LAMIR probe volume, There 
are about 40 usable fr:!inges In the probe volume spaced at 0.000132 
inches. Thls Is an important consideration since It means that the 
Doppler frequency and the pedestal frequency (the low frequency pro-
portional to the particles transit time throt:1gh the probe volume) are 
separated by a factor of about 40 •. 
The calculati.on of probe volume diameter based on the J/e21 Intensity 
point yielded a diameter of 0.0048 Inches. This dlmeni1on Is crltlcal 
In I ocat 1 ng the exact pos 1 ti on of the center of th.e probe vo I ume re I a-
ti veto the wal I, thus a verification Is necessary. The beam inter-
section edge was brought Into contact with the wal I using visual methods. 
The beam Intersection was then traversed across the channel and brought 
into contact with the opposite wall •. The distance traversed plus one 
beaffi Intersection diameter was compared to a micrometer measurement of 
the same distance and found to agree within 0.001 inches. ThusP cal-
culated and observed beam intersection diameters for al I practical pur-
poses are equal, Further verification of the calculated values stems 
from a comparison of the maximum number of fringes observed in Doppler 
bursts and the value compute.d using the known fringe spacing and the 
calculated 1/e2 diameter. The observations Indicated a maximum of 
approximately 40 fringes, whereas the calculated value was 37, Agree-
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ment is good, however a further restriction must b,e<,placed on the 
"effective".size of the·probe volume normal to the wall. The minimum· 
number of acceptable Doppler cycles coming from the probe volume is 
13 since It is required that the period for 10 cycles be counted. Thus, 
as shown In Figure 8, only the central 0.00453 inches of the probe 
volume has 13 or more fringes. Consequently, the effective sensing 
diameter of the probe volume Is 0.00453 Inches. 
Fortunately, the bowing of the channel wal I provided reproducible 
methods for experimentql ly fixing the location of the channel wal t. 
With the overhead lights out, the beam intersection and its reflections 
in the plexlglas wal I could be broug~t into contact with one another. 
It was this location that placed the center of the probe volume one-
ha If the width of the beam intersection f rorn the wa I I • Two other 
methods were also used to verify the wal I location. First, when seen 
from the photomultiplier side, microscopic scratches in the channel 
wa I Is scattered I i ght when the beams were in contact w 1th the wa I Is; 
the scattered I ight ceased when the laser beams were entirely in the 
flow. Secondly, the diffraction pattern of the laser beams on the 
ce i I Ing cou Id be noted. These three obse rvat I ens were used each ti me 
and found to agree. It is estimated th9t the wal I of the channel could 
be. located within ±0.0005 inches. The channel width can be obtained 
by simply traversing the LAMIR optics across the flow channel and 
noting the distance travel led by th~ LAMIR on the traverse screw thread. 
The traverse mechanism has a sixteen threads per inch drive and Its 
indicator can be read within ±0.0002 inches. 
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LAMIR Data Processing 
Data Acquisition 
The purpose of the data acquisition electronlcs ls to condition 
and record the electrical slgnals that result from the bursts of light. 
scattered by particles In the flow •. The photomultlpller converts the 
scattered light Into an electrical current. The signal output from 
the photomultiplier has.two components. There Is a Doppler portion, 
which has,a constant period and a Gaussian envelope. There is also a 
longer period component, cal. led the pedestal, which Is proportional to 
the scattering particles transit time across the probe volume. This 
composite wave form is shown, after 20 dB of amplification, in Figure 
9. (For demonstrative purposes the number of Doppler cycles is mud1 
less than the 40 which are, in rec11lty, typically present.) The pur-
pose of the band pass filter is to remove the pedestal component from 
the composite signal, In addition to removing random noise outside .the 
frequency range of interest. The band pass filter Is a Multimetrics 
mode I AP-120, wh I ch, when ope rated In the band pass mode, has a f i I te r-
ing slope of 24 dB/octave. The ratio of Doppler to pedestal frequencies 
can.be as great as 40 and.as low as 13, since 13 fringes are necessary 
to yield a useful signal. Thus the lower limit of the band pass filter 
can. readlly be set between the lowest expected Doppler frequency and 
the highest expected pedestal frequency. (See Figure 10). The .general 
procedure used here was to calculate a lower frequency bound of the 
mean velocity measurement based upon the expected turbulent intensity. 
The band pass fl lter's. lower setting was then set at 1/2 to 1/5 of that 
value. For example, for an expected mean velocity which gives fD = 31 
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KHz and a 30% fluctuation level, the fow frequency bound, fl, was cal-
culated to be 21 KHz (using a conservative estimate of 33% for fluc-
tuation level). The filter 3 dB point was actually set at 6 KHz and 
the resu I ts I ater showed no f requencles be I ow 15 KHz. The. upper f re-
quency bound was calculated slml larly. Por the example sited here the 
upper frequency bound, fH, was calculated to be 41 KHz. The fl lter 
.3 dB point was set at 200 KHz and the highest recorded frequency was 
65 KHz. The filter settings and the measured maximum and minimum fre-
quencies were compared for each data point and no overlap was noted. 
The absolute gap between Doppler and pedestal frequencies narrows 
as the probe volume approaches the wal I. Band pass fi lterlng becomes 
a fundamental I imitation If the probe volume I ies on the wal I because 
frequencies near zero are present and the Doppler and pedestal spec-
trums are Impossible to electronically separate. This fundamental 
I imitation placed a restriction on the near-wal I measurements and limited 
our measurements at no closer than 0.004 inches from the wal I. 
Amplification of the signal in the data acquisition system was accom-
p 11 shed by one c~coR Wideband Video Amp I if I er (mode I 4376 A) and two 
Hewlett-Packard instrumentation Amplifiers (model 405 A). Al I ampli-
fiers were operated at a gain setting of 20 dB. The amplified and band-
pass fl I tered s I gna I (as shown in Figure 9) was next routed to a mag-
netic tape recorder, an Ampex mode I 1300. The Ampex Is a tloub I e-band-
w I dth recorder and can record signals up to 300 KHz when operating in 
the direct recording mode and at a tape speed of 60 Inches per second. 
The highest frequency recorded during the research was 219 KHz. · The 
signal generator shown In Figure 9 was used to provide identification 
marks on the magnetic tape recording. 
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Data Reduction 
The purpose of the data reduction scheme was to measure, verify and 
record the Doppler period of an individual real lzation from a particle 
passing through the probe volume. A verification of the individual 
realization was necessary because Doppler bursts wi I I occasionally have 
single or multiple cycles missing or suppressed. The specific reasons 
for these missing cycles are not completely understood but can seriously 
affect the accuracy of the data. Also noise present within the fre-
quency range of interest can cause the counter to start erroneously. 
These two sources of error must be taken into account and consequently -
the data reduction system used here. The lower half of Figure 9 shows 
the block diagram for the data reduction process. The data tapes were 
played back at 7t Inches per second, This time expansion of 8 times 
gave the human operator time to make decisions concerning the validity 
of each velocity realization. 
The amp I ifler in the data reduction block diagram, a Hewlett-
Packard model 405 A, was not used in the majority of the data reduction 
runs, but is shown for completeness. The Multlmetrics model AF-120 
band pass fl lter was set at values which were 1/8 of those used during 
data recording. The band pass filter was used prlmari ly during play-
back to reduce the effect of magnetic tape noise and broad band noise 
from the recording amp I ifiers. 
The visual verification of a Doppler burst was achieved by checking 
each indlvldual real lzation whose Doppler period was counted to insure 
that j0 consecutive Doppler cycles from a single realization were being 
counted. It was for this reason that the cruclal elements of the data 
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reduction scheme were the Schmitt trigger and the storage osci I loscope. 
The Schmitt trigger transformed each cycle of a Doppler burst w~ich 
had an amplitude above a preset level into a pulse. Thus, the Schmitt 
trigger output was a constant amplitude pulse train and the occurrence 
of an extraneous or missing pulse was lmmedlately obvious. (See Figure 
9.) tts output slmultaneously triggered a Tektronix type 564 B Storage 
Osei I loscope and a General Radio model 1192 B dlgltal counter which was 
operating in the "period times ten" mode. Then the operator visually 
verified a realization on the storage scope, the counter reading was 
recorded for later processing. The verification consisted of a visual 
inspection of the pulse train that triggers the counter to make certain 
that 10 consecutive pulses (Doppler cycles) were counted. Only pulse 
trains which represent val id indlvldual realizations were recorded -
the remainder were neglected. 
A second operator transferred the Doppler periods thus collected 
to computer cards via an IBM 026 key punch. An IBM 360/65 was then 
used to calculate the means, root mean squares, and other properties 
of the recorded data. 
Data Corrections 
Statistical Blasing 
The measurement of mean velocitles with a LAMIR is not absolute. 
The desired quantity, mean velocity, is in fact the time-averaged mean 
velocity, that ls, 
T 
IT= ~ J Udt 
0 
The LAMIR does not measure the time-averaged mean, it measures a value 
larger than the true time-averaged mean. Recal I that the occurrence of 
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a scattering source l n the probe vo I ume is a random event. If the 
scattering particles are distributed uniformly throughout the flow the 
number of particles In a fluid volume is proportional to the size of 
the vo I ume. There ls a I arger vo I ume of f I ow, and hence a I arger num-
ber of scatter centers, flowing through the probe volume when the velo-
city ls faster than the time-averaged mean than when the velocity is 
lower than the time-averaged mean. This can be seen in Figure 11, 
where the segment under any portion of the velocity trace Is propor-
tlonal to the volume flow through the probe volume,, Figure 12 (from 
Mclaughlin and Tiederman [28]) shows how a typical probabi I ity density 
distribution of the axial velocity component ls biased. It is impor-
tant to note that the spread of the distribution does not change sig-
nificantly. In fact, Mclaughlin and Tiederman (28) indicate that the 
uncorrected value of the root mean square of this velocity fluctuation 
is a good estimate of the true value. 
The correct method for calculating the time-average velocity is to 
weight each velocity realization with a function which is proportional 
to the volume flow through the probe volume (28). 
Thus the corrected mean veloclty estimate is, 
,.., 
u = L Wj'Ui ( 2. 1 ) t Wi 
N 
where W• ::, 1 
! I Vi !Yi 
The simplest approach to the correction, however, is ~o use a one-






By substituting Equation (2,2) into Equation (2.1) a substantial simpl i-
fication may be obtained. Namely, 
U= N I:N 1 /UJ 
N 
Equation (2.3) may be rewritten as: 
u ~ [-2-/'-i n-e / ..... 2-]/ro 
where Tb,is the average Do~prfer, period.· , 1 
(2.3) 
(2.4) 
The Doppler period is measured directly with the system outlined here, 
and, in fact, the computer routine Input data is in Doppler period form. 
Thus, the biasing correction is accomplished by simply computing the 
velocity based on the mean Doppler period, This one-dimensional cor-
rect ion was app Ii ed to a I I data reduced here. 
Velocity Gradient Biasing 
The second correction to the data is needed to account for the 
presence of significant velocity gradients within the probe volume, 
The error involved here is due to basically the same principle as the 
biasing error. That rs, the probe volume has finite extent and its 
outer locations on the average have a larger amount of volume flow. 
Hence, more particles are passing through that portion of the probe 
volume. The correction In this case is made to the effective location 
of the probe volume, The probe location is shifted from the center of 
the probe volume location to the centroid of the swept volume as shown 
in Figure 13. The velocity gradient correction has been made to al I 
data presented herein. 
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Thus, after both corrections have been made the results wi I I appear 
as a corrected velocity IT at an effective probe location, y. 
Seed Injection 
The laser anemometer measuring indlvidual real lzations measures 
the veloclty of the partlcles entrained In the fluid motion. Therefore 
it is crucial that these partlcles be of optimum size such that the 
intensity of radiation at the Doppler frequency is maximal. It is also 
important that the seeding particles fol low the turbulent motions. 
Thus the fol lowing particle size considerations were made. 
Due to the inlet filtering the fluid was essentially free of par-
ticles larger than 0.5 microns. For the laser optical system used 
here, the results of Durst & Whltelaw (29) indicate that the size of 
the most efficient scattering center is approximately 2 microns. The 
flow was carefully seeded with a di lute concentration (1 mg/I) of 
5-10 micron diameter particles classifled from AC Fine Test Dust 
(ACFTD). ACFTD is primarily sand and is used wldely in contamination 
testing. The distinction between the seeded and non-seeded flow could 
easily be noted by simply viewing the output of the photomultiplier as 
seed was being added. When no seed was present the Doppler bursts 
from partlcles were on the same level as the background noise. However, 
when the 5-10 micron ACFTD was added, the Doppler signal levels in-
creased markedly, and in most cases the pedestal excursion was 80% to 
100% 11 fi I led" with the Doppler frequency signal. 
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From·the results of Hjelmfelt and M6ckros (30), a 10 micron dia-
meter sand particle should fol low a 2500 Hz fluctuation with an ampli-
tude ratio of 0.95, Most turbulent fluctuations in the low speed water 
flow described are below 250 Hz, and thus It ls felt that the seed 
chosen Is adequate for marking the fluid velocities. 
The di lute polymer solutions were always mixed and al lowed to sit 
for 6 to 8 hours before use, The 5-10 micron diameter ACFTD used for 
seeding purposes would not remain suspended in the fluid for this amount 
of time - thus a seed-injection system was used (see Figure 14). A 
concentrated seed slurry (about 250 mg/I) was mixed and injected into 
the flow loop piping at a rate which would give the desired seed con-
centration (1 mg/I), The injection flow rates were less that 0.3% of 
the channel flow rate - thus di lutlon of the di lute polymer solution 
was not a problem. The reservoir containing the seed slurry was kept 
wel I mixed by jetting the bypass flow of the Injection pump Into the 
bottom of the reservoir. The seed slurry was injected Into the piping 
at a tee in the I lne through a 3/32 inch copper tube placed at right 
angles to the flow. To insure a uniformity of seed the injection was 
started prior to the data run. 
When pumped operation was used, as in the solvent (water) data 
runs, seed was sprinkled onto the water surface in the 600 gal Ion 
catch tank. The concentration was kept di lute (<1 mg/I) and the con-
tinuous recycl Ing of the working fluid kept the particles suspended. 
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Polymer Solution Characterization 
Pressure Drop 
A careful characterization of the drag-reducing solutions was per-
formed after each data run. Such a characterization yields an inde-
pendent verification that the solution did reduce the frictional losses 
in the channel. In addition, when compared frorn experiment to exper-
iment, the drag-reduction characteristics give an excel lent check on. 
the consistancy of mixing techniques for the di Jute polymer solutionso 
A prime method of di Jute polymer solution characterization is to 
relate the drag-reducing capability of t~e solution to the stress 
encountered in a particular flowo This can be done by conducting 
pressure drop and flow rate tests for the flow of the solution in a 
pipe. The pipe pressure drop apparatus used in this study is shown 
i n F i g u re J 5 • 
The 70 gal Ion reservoir was fi I led from the channel piping immedi-
ately after the data run. The fi 11 ing was careful Jy control led such 
that no vigorous agitation, pouring, or splashing of the di Jute polymer 
solution occurred - thus alleviating the possibl I ity of polymer solu-
tion degradation. The entire apparatus was constructed of stainless 
steel, glass and plexiglas. The system contains no pumps and only 
blowdown flow control was used. The two pipes used were nominally one 
inch C0.835 inches) and t inch C.425 inches) pipes with test section 
lengths of 11305 inches and 57 inches respectively. The dashed I ines 
in Figure 15 iirn.d.f:c::a,fe the plumbing for flow in the one inch pipe, while 
solid I Ines denote flow in the t inch pipe. The flow meter is accurate 
to the nearest 1% (0.06 gpm) and the manometer fluid level could be 
read to within ±Oo02 Inches of deflection, 
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Viscosity 
Generally people have assumed that the viscosity of di lute polymer 
solutions were constant, that is, independent of shear rate. This is 
a particularly poor assumption for the high molecular weig.ht poly-
acrylamides. Viscosity Is used in the determination of the wal I-layer 
variables and In order t0 maintain a high accuracy measurementt the 
local value of the kinematic viscosity must .be used. 
The viscosity of di lute polymer solution used in these experiments 
was measured as a function of shear rate. Solution samples were taken 
from the downstream head tank immediately after the data run. Two 
Couette viscometers (a Brookfield Synchro-Electric Model LVF with the 
UL adapter and a Fann Model V-G) were used to obtain the shear rate 
dependence of viscosity. The Brookfield gave shear rates of 14.7, 
36.7 and 73.4 sec- 1 , while the Fann provided shear rates of 170, 340, 
511 and 1022 sec-1 • In most cases multiple readings were taken at a 
specific rate of shear. These readings were then averaged. The 
smal I dial Indication on the Fann viscometer made the readings taken 
on it susceptible to significant errors - on the order of ±10%. 
CHAPTER 111 
EXPERIMENTAL DATA 
This chapter presents the mean and fluctuating velocity data taken 
with the LAMIR for both solvent and di lute polymer solution flows. Also 
presented ls the polymer solution characterization data. 
Generally, the experiments can be classified into two categories: 
solvent c1nd dilute polymer solution flows. The LAMIR data from the 
solvent flows was taken in order to demonstrate the standard character 
of the two-dimensional turbulent flow channel and to i I lustrate ·the 
accuracy of the anemometer used in this research, The velocity data 
for the di lute polymer solutions, in addition to the polymer solution 
characterization results is presented in order to provide the basis 
for a number of developments. Namely, 1) the examination of mean velo-
city prediction techniques; 2) the inference of the turbulent transport 
mechanism in di lute polymer flows and 3) a qualitative examination of 
the effect of the polymer upon a two-dlmensional turbulent wal I flow. 
The general scope of the experiments conducted here is shown in 
Table I I I. There are a total of four experiments which used water as 
the working fluid, and seven wherein a di lute polymer solution was 
used, The general characteristics of the polymer solutions used are 
also outlined, The experimental uncertainties present In the data 
presented are discussed in detai I in Appendix A, 
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TABLE 111 
SUMMARY Of EXPERIMENTAL SCOPE 
Run Re UAV@ UT Cft/~ec) ~(cic) Po 11'.mer .· Characct"eri st i cs DR Date 
Designation. Name Concentration (%) 
(wppm) 
SOL-.J 4 17, 700 J. 055 0.065 26 None 0 o.o 5 Jun 73 
SOL-15 18,500 1. 055 0.065 27.5 None 0 o.o 13 Ju I 73 
SOL-l 2 24,700 1. 457 0.085 26 None 0 'O~O 5 May 73 
SOL-13 55,200 3.350 o. 175 23-26 None 0 o.o 30 May 73 
DPS- 5 · 20,196 1. 239 0.0614 24 AP273 100 31.3 9 Jun 73 
DPS- 6 .26,373 1.618 0.0750 24 " " 34.5- 21 Jun 73, 
DPS- 7 44,516 2;,676 o. 1103 25 " " 40.4 26 Jun 73 
DF'S-10 20,582 1. 200 0.0625 26.5 837-A " 23.8 9 Ju I 73 
DPS-11 37,490 2.185 0.0957 27 " " 35.4 13 Jul 73 
DPS-12 46,037 2.683 o. 1105 26.5 " - " 39.9 17 Jul 73 




Velocity Measurements in Water 
Measurements were made in turbulent channel flow of water in order 
to establish the "standard" character of the channel. LAMIR measure-
ments were made at four Reynolds numbers (Re); 17,700, 18,500, 24,700 
and 55,200. Reynolds number is calculated using the bulk avera~e.velo-
city, UAvG, and the channel hydraulic diameter, DH, which is O. 164 feet. 
The velocity measurements at Re= 18,500 were concentrated in the near-
wal I region with one data point taken at the center I ine. The Rec::24,'700 
data rep resented a traverse of the entire chan·ne I width, whereas the 
other traverses were made only between one wal I and the center! ine. 
Figure 16 shows the measurements made at a Reynolds number of 
24,700 in both the east and west side of the channel. In this fi'gure 
they coordinate ls non-dimensional ized with the channel half-width, 
W/2, and the velocities are normal !zed using the channel center! ine 
velocity, UMAX· The data confirms the symmetry of the flow and it is 
in good agreement with the channel data of Hussain and Reynolds (31 ), 
which was taken In air at a Reynolds number of 35,400. The velocity 
data has been corrected for ·the biasing and velocity gradients errors 
discussed earlier. The brackets indicate the 95% confidence interval 
on the mean velocity measurements, while the experimental error in y 
location ls within the data point symbol. 
In addition to examining the symmetric character of the channel, 
the two-dimensionality was also tested. Figure 17 shows the results 
of these tests. The channel center! ine velocity, UMAX' is plotted as 
a function of distance below the channel centerline, z, for two 
Reynolds numbers, 16,600 and 24,400. Figures 16 and 17 indicate that 
the channel flow investigated here is a symmetric, two-dimensional, 
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fully-developed turbulent channel flow, 
The mean velocity data for al I solvent flows is shown in the non-
dimensional wall layer coordinates in Figure 18. The Re= 24,700 data 
in this and subsequent figures were the average values of the data 
taken on the east and west sides. Except for the Re= 18,500 run the 
value of the wal I shear veloclty uT, was found by fbrcing the data at 
y+ > 30 to fit the expression, 
C 3, 1 ) 
where A= 5,63, B = 5.0, u+ = U/uT and y+ = yuT/u, The shear velocity 
I 
is defined by uT = [Tw/p] 2 , Previous investigations; Hussain and 
Reynolds (31 ), Clark (32), Eckelmann and Reichardt (33) and Laufer (34~ 
suggest that the best values for the constants A and B for a two-
dimensional channel at the Reynolds number range of interest are those 
shown. The data for Re= 18,500 was taken as a duplicate of the 
Re~ 17,700 data, however, since no data was taken for y+ > 30 the 
uT from the Re= 17,700 run was used to form the normalized variables, 
The data runs Re= 17,700 and Re= 18,500 were taken approximately 
six weeks apart and provide some indication of long term repeatability 
of the measurements. 
Particular attention should be given to two points in Figure 18, 
The first Is the data point at a y+ ~ 3 and a Reynolds number of 18,500, 
This point fal Is above the u+ = y+ curve even after corrections and 
confidence intervals have been applied, The reason for this is not 
totally understood. It is known, however, that the three-dimensional 
effect of the spanwlse velocity fluctuations are most apparent in the 
near-wal I region. The one-dimensional statistical biasing correction 
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applied to this data point may be insufficient. 
The second point in question is the one at y+ ~ 5 for Re= 55,200. 
This data was taken using a probe vo I ume whose edge was on the wa I I 
and whose center was D.0023 inches from the wal I. The experlmental 
error In y location for this data point ls 18% and the confidence 
interval shown ln Figure 18 does include the u+ = y+ curve. In addi-
tton, since the probe is located on the wal I, frequencies near zero 
are to be expected. The band pass filter used in data acquisition 
had to fl lter out some of the lower velocity fluctuations. This 
fi lterlng does not seem to have affected the value of U, but later 
figures wi I I show that the turbulent intensity is lowered at this loca~ 
tion. 
In addition to determining the shear velocity, u,, from "forcing" 
the data to flt a universal profile, (Equation 3.1 ), it _may be computed 
from the s I ope of the ve I oci ty p rofi I e in the near-wa I I region. Using 
+ a y value of approximately six and the fluid properties as they were 
measured during the run, a "wal I slope u/' was establ !shed. These 
values, in addition to the "log fit u, 11 values, are shown in Table IV. 
TABLE IV 
SHEAR VELOCITY COMPARISON-WALL SLOPE AND LOG FIT 
Re Wa 11 Slope u, Log Fit u, 
(ft/sec) (ft/sec) 
17,700 .0.065 0.069 
18,500 0.066 0.069 
24,700 0.081 0.085 
55,200 0.178 o. 175 
33 
Both estimates of uT are compared with the data of HuEjsaln and Reynolds 
(31-) In figure 19. It. ls Important te note. the goed agreement betw.een 
.l 
the two uT estimation methods. The polymer data shown later wi 11 have 
a single method of uT determination, nam~ly the ·"wal I slope method".· 
The method's validity is considered established by the above.comparison. 
All inean velocity data presented Is corrected for both velE,city 
gradient and biasing errors.· rlgure 20 shows· the magnltude of these 
I 
corrections .•. The data shown Is the b I ased and corrected ve I ocl.ty 
measurement In the near-wal I region for the three Reynolds numbers 
·shown. Reca I I that the bi as correction moves ,the data on the U axis 
while the velocity gradient correction moves it on the y-axis. The 
normalized results of these cerrections are shown in Figure 21. for the 
_near-wal I region. These figures show that the velocity gradient cor-
rection is significant only when the mean velocity is near zero and/or 
the probe volume is very close to the wal I. The biasing correction is 
more pronounced.and is dependent on the root mean square of the flue-
tuation level. The biasing correction shown here varies from 16% for 
a f luctuatlon level of about 50% to Insignificant levels when the fluc-
tuation levels fal I below 5%. Figure 21 demonstrates the necessity 
for corrections to be applied. Theda.ta In this region-must fit the 
linear curve u* = y+ and this is accomplished only after the' statis-
tlcal· biasing and velocity gradient corrections have been made. 
The root mean square (rms) estimates of the streamwise velocity 
I 
f I uctuat ions for the four so I .vent f I ows· · are presented in the next 
three figures. figure 22 shows these rms values, u',, normalized with 
the loca I mean ve I ocl ty p I otted as a f uncti.on of y nor;i-d !mens i ona Ii zed 
with channel half-width. Figure 23 shows the tu.rbulent intensities as 
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a function of the wal I layer coordinates, The intensities have been 
normalized with the u, obtained when the mean velocity data was "forced" 
to flt Equation 3.1. The relevant data of Hussain and Reynolds (31) 
and Eckelmann and Reichardt (33) are shown for comparison. 
The two points discussed earlier should be noted again in Figures 
22 and 23. They+'" 5 data point for Re= 55,200 had some lower fre-
quency fluctuations electronically filtered out and the overal I tur-
bulent intensity is, thus, reduced, The data at y+ '"3 for Re - 18,500 
has a 95% confidence Interval of I 1% but remains slightly high. The 
probe volume size permits measurement of velocity fluctuations over a 
finite di stance norm a I to the wa I I • This effect is most pronounced at 
low y+ values and high intensity levels, and is most probably the effect 
seen here. 
Velocity Measurements in Drag-
Reducing Solutions 
Velocity measurements were made in seven drag-reducing flows: 
three with Separan AP273 as the additive, three with Magnif loc 837-A, 
and one with Polyox WSR-301. The general parameters for the seven 
di lute polymer flows and the four solvent flows were presented in Table 
I I I. The Reynolds number (Re) is again based on hydraulic diameter 
and mass-average velocity, but for friction~reducing flows the solution 
viscosity is replaced by the solvent viscosity at the same temperature. 
The mass-average velocity, ITAVG' was obtained by integrating the mean 
velocity profile and u, for the di lute polymer solutions was calculated 
from the velocity gradient In the viscous sublayer. As seen In Figure 
18, the experimental solvent data fits the u+ = y+ curve in the range 
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6 <y+< 8~ Por this reason al I calculations of u, from velocl.ty gradient 
(wa II s I ope u,). were based on data In th Is y+ range •. 
The experimental program was ~lanned and executed sue~ that a vari-
ety of.parameters could be employed when comparisons between drag-
reducing and solvent ·flows were being made. Por exampl~, with reference 
to Table-I I I, If. one desires a comparison of flow characteristics at 
a common percentage of drag-reductions, DPS~6, DPS-11 and DPS-9 can 
be compared; or if Reynold number Is the parameter of interest, SOL-12, 
DPS-6 and DPS-10 can be compaf~d. 
The mean velocity prof i I-es for seven drag-reducing flows are pre-. 
sented In Figure 24. One of tme m©st striking differences between 
var.l.ous flows can be n0ted here; that is, the genera I shape of the 
profiles for Sep~ran AP273 Is quite different than th0se for Polyox. 
WSR-301 or Magni floe 837-A •. Both 837-A and WSR-301 have a more class!-
cal appearance, that Is, a lower velocity slope near the wal I and a 
larger flow .In the channel center regions (see Rudd [15]). This differ-
ence Is best dem0nstrated In the ratl0 UAvGIUMAX, shown In Fi.gure 2p. 
The mean velocity data Is plotted in non-dimensional wal I layer 
coordinates In Figures. 26, 27 and 28. The se>lld curves representing 
the locus of solvent velocity measurements are shown f0r comparative 
+ purposes.· In al I cases, the calculatl.on of y uses a kinematic vis-· 
coslty based upon the local shear rate. The log portion of the vela-· 
city prof! le appears identical to the solvent data except for a vertical 
shift. This.portion of the mean prof I le can be described by, 
u+ = A logy+ +·8 + 68 (3.2) 
where A= 5.63; B = 5.0 and 68 Is the additive constant. A buffer 
+ region exists between a y of approximately 10 and the beginning of 
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the log region. The data suggests a t~lrd curve, 
u+ = C logy++ D (3.3) 
can be used to describe the I lmlting values on u+ and y+ in this region. 
This I lmltlng function has been named by many as the "ult!mate profile", 
and can be described as the I lne along whidi al I data fits unti I It 
assumes the form of Equatlen 3.2. The Intersection of Equations 3.2 
and 3.3 depends upon the specific flow, being lnvestlg~ted. It is 
Important to note that C and D vary from polymer type to polymer type 
and the slope, C, is .less sensitive to change than the intercept D. 
Also, it Is difficult to determine C and D unti.1 a sufficient LIB shift. 
has taken place, thus allowing enough data within the buffer region to 
clearly define Equation 3.3. The constants C and D which were deter-
m I ned from a "best flt" curve drawn through the data for the highest 
amount of drag reduction are summarized in Table V. 
The velocity data In the near-wal I region (y<B) can best be seen 
in Figure 29, which is I lnear plot of u+ as a function y+. · The data 
for y+ less than 8 fits the u+ = y+ curve wel I. The most important 
aspect of the data presented in Figure 29 is the departure of the 
mean velocity data from the u+ = y+ curve for values of y+ > 8-10. 
This observation is in direct contrast to virtually al I previous data, 
~htch is best typified by the work of Rudd (15)j also shown in Figure 
29. · Howeverj it should be recalled that al I previous laser anemometer 
measurements have been made in square ducts. The lower dashed curve, 
represents the locus of points representing the solvent velocity measure-
ments and. ls Included for comparative purposes. 
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TABLE V 
SUMMARY OF LAW OF THE WALL CONSTANTS 
Run Designation A B tiB c D 
SOL-12, J 3,14, 15 5.63 5.00 0 
DPS- 5 " " 7.19 17.70 -8.20 
" ... 6 II II 8.09 " II 
" 7 " " 9~20 " " ... 
" -JO " II 4. 41 16.60 -7.30 
II -.1 l II II 7.03 ,, II 
II -12 " II 8.28 II " 
II - 9 II II 6.98 17.80 -8.30 
The Intensity of the turbulent veloclty fluctuations in the drag-
reduclng flows examined here are shown in Figures 30 through 33. Fig-
ure 30 shows the root mean square (rms) estimates of the velocity's 
fluctuation normalized with the local mean velocity as a function of 
the distance normal to the wal I non-dlmensionalized with the channel 
half-width. The Intensities fer both polyacrylamldes show an inflec-
tional behavior at approximately 2y/W = 0.05, in addition to displaying 
distinct differences from the solvent data in the outer regions of the 
flow. This ls a real effect and not one that can be attributed to 
experimental or statistical uncertainty. 
The final and most commonly employed method of presenting turbulent 
intensity Information is shown In Figures 31 through 33. In these 
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figures, u' is normallzed with uT and Is plotted as a function of y+., 
The data presented here Is shown compared to typical solvent data and 
the square-duct data of Rudd (15). ·· It can be seen that the data pre~ 
senteGI here differs slgnlf!cqntly from that of Rudd. The distinct peak 
present In the solvent data has disappeared and the maximum values for 
u'/uT are distributed over a much wider range of y+. There does not 
appear to be either an extended I I near curve up to a distinct peak or 
a distinct peak In turbulent intensities - as shown by Rudd, Lagan; 
and Kumor and Sylvester. 
Comj:>arisons. 
The histogram and the energy density function are not widely used 
methods of data presentation and comparison. However, the laser ane-
mometer measuring individual realizations yields data of a form such 
that these presentations are formed with I rttle effort. 
Typical mean velocity data is presented In histogram form in 
Figure 34 for solvent and di lute polymer flows. This method of pre-
sentation al lows a qualitative comparison to be made at a common non-
dimenslonal distance from the wal I. The velocity histograms shown 
extend over the Important productive region of the wal I layer and were 
formed using a large number of individual velocity realizations, N, 
as shown in Ta'9 I e VI. It Is be I I eved that these hr stograrns are rep re-
sentati ve of those In al I solvent and friction-reducing flows. The 
histogram comparisons were made on .a Reynolds number basis~ The 
distinct differences In the drag~reducing and solvent data at low 




HISTOGRAM SAMPLE SIZES 
RUN y+ N POLYMER 
SOL - 13 9.2 1001 
" n .. 9. 1028 
" 35.4 1014 DPS - 9 8.4 816 WSR..,JOl 
" 19.0 1019· " 
" 29.;4 951 " DPS·- 7 8.5 l 001 Af!273 
Tihe energy density functl0n may-be defined as, 
e(u) ~ u2p(u) (3.4) 
where p(u) is the pr0babillty density functl0n. Uzkan and Reynolds (35) 
have pointed out .that a pl0t 0f ~(u) as a function of u Jderitlfles the 
contributions of specific fluctuatlon magnitudes to the energy of the 
turbu I ence, 
In order to obtain a detal led representatf0n 0f the energy density 
functl0n one must have a sample size of suff~clent number such that the 
outerm0st !!)arts of hte hist0gram and.energy density functioh are we! I 
defined •. lt·is ·estimated that sample sizes on the order of 5000 -
10,000 would be sufficient.to give such detal I.· The manual data reduc-
tion used.here precludes extensive documentation of energy density 
results, - but some qualitative results are presented to show the value 
of this type of data presentation. The results shown. in Figures 35,, 
36 a~d 37 are for the velocity measurements outlined in Table.VI. It 
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is estimated that sample sizes on the order of those of Table VI are 
sufficient to give qua! itative results. The regions which would suffer 
greatest would be those furthest from the origin. 
Despite the smal I sample size one should note that differences in 
the di lute polymer and solvent data can be seen through the productive 
region of the flow (5 < y+ < 50), (See Figures 35, 36 and 37.) The 
results for the solvent flow are in agreement with those of Uzkan and 
Reynolds (35). The comparison is made here on the basis of common 
Reynolds number. The Polyox WSR-301 curves are seen to continue rising 
through a y+ of 35, whereas the solvent energy density functions have 
reached a maximum and are fal I Ing. 
Eddy DI ff us iv i ty 
A natura I computatl ona I extension us Ing mean ve I ocl ty p rot I le data 
Is the determination of the eddy diffusivity. An expression for eddy 
diffusivity characterizes the momentum transport properties of the 
flow. These properties, or.the amount of turbulent mixing, are use-
ful in the analysis of turbulent heat transfer. The concept is to use 
the experimental velocity prof I le and the equations of motion to 
determine free constants In an assumed model for the eddy diffusivity 
of momentum. Then the temperature prof! le and.the heat transfer 
coefficient can be predicted using the energy equation and equating 
the eddy dlffusivlt~es of heat and momentum. 
The eddy diffusivity models provide an expre·sslon that replaces 
the non-I inear Reynolds stress term in the equations of motion. 
Consequently, the eddy diffusivity of momentum ls defined as, 






( 3 ~.s) 
and the non-dimensional, time-average equation of motion for fwlly-
developed, tw0-dlmen!l~nal channel flow becomes 
p .. 1~ .....2. re 1 + E, d. rr, ] 
R dy'L .. dy' (3.6) · 
The non-dlmensionalizatlon was performed using the mass-average velo~ 
city, UAvG, and the channel half~width, W/2. P Is defined as 
- .....2. 
P = · •wlPUAVG and the Reyno Ids number Is R = W ITAvG/2[uJsOL· Equation 
(3.6) may be integrated once to yield, 
(3.·7) 
and the normalization requires that, 
(3.8) 
Equation (3.7) demonstrates that the veloctty prof I le may be calculated 
from a simple integration If ,the eddy diffusivity distribution is known •.. 
Most eddy dlffuslv'lty models contain some free.constants which are 
determined by requiring U' (y') from Equatl0n (3. 7) to agree with the 
experimental data. 
The mode I used here was f 1 rst recommended by Cess (36) for turbu-
I ent pipe f I ow.. The . Cess mode I has the advantages <;>f being a cont in-
uous functiQn .which yields non-zero veloclty fluctuation levels.at the 
center of the channe I (or p 1 pe) f I ow. When .the Cess expre·ss I on has 
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been adapted for channel flow it appears as (see Tiederman & Reynolds 
[37]), 
E = ~ [I+ k2:P[2y•-y•-1r-4y 1-2y•~2 [1 + exp(-~r)J r 1/2 (3.9) 
The free constants are A+ and k. 
In order to compute E(y~ and U' Cy') for solvent flows one must 
know the Reynolds number CR) of the flow. The values of A+ and k are 
picked (see Hussain and Reynolds [31]) and the starting value of P 
must be calculated. The initial value of Pis approximated from an 
expression for turbulent pipe flow (see Kays [38]), which when modified, 
appears as 
P • 0.0177 [RJ-0•2 (3. 10) 
+ -The values R, A, k and Pare the input parameters to an iterative 
computer scheme. Within the iterative program, ECy') and U'Cy') are 
computed from Equations (3.9) and (3.7) respectively. Equation (3.8) 
is then used to compute an updated P which is used to restart the cal-
culation of E(y~ and U1 Cy' ). The updating (Iteration) of P continues 
unti I the normalization condition yields a P which has a sufficiently 
smal I error when compared to the previous P iteration. The mean velo-
city profile generated in this manner may now be compared with the 
experimental data. tf the agreement rs poor the values of A+ and/or 
k are adjusted and the entire procedure must be repeated. Here the 
numerical integrations were performed using a Simpson's 1/3 rule with 
400 integrational Increments. 400 intervals proved satisfactory since 
an increase to 1000 Intervals gave no significant changes, 
This scheme was implemented for the solvent flows in order to test 
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the model and to verify the computer routine~ Varl.ous values.of A+ 
and k were used to determine a famlly of E(y1) and U'(y'), which were 
compared to the experimental velocity prof Iles. The values of A+= 29 
and k = 0.45 were found to yield a U' (y1) which best fit the experimen-
tal data. These results are ldentlcal to those foijnd by Hussain and 
Reynolds.C31) for aslmilar chc1nnel flow. 
Ftgure 38 shows the comparison between the solvent data and the 
{; 
calculated mean veloclty'profl les using the Cass model and A+"' 29, 
k = 0.45 •. The agreement is good at al I Reynolds numbers •. Figure 39 
then displays the non-dlmensional eddy diffusivity given by the Cess 
model. These results. are in agreement with those of Tiederman and 
Reynolds (37) and Hussain and Reynolds (31), 
The form of the model employed here for the determination of the 
tunbulent transport properties for drag-reducing flows is the same as 
that for solvent flows, that is; the Cass model. However, the itera-
tion scheme is changed because a single value of P from the experiment 
must be used for each flow. 
The Inputs are again R, P, k and A+, but some very important dif-
ferences exist in their assignment, The viscosity of the di lute poly-
mer.solution ls used In calculating the Reynolds number, R. · The value 
of k ls,set at 0.45 and not al lowed to vary because 1/k is proportional 
to the s I ope of the I og port i·on of the uni versa I I aw of the wa I I • Reca I I 
that in a drag-reducing fl ow it has. been estab Ii shed that the s I ope of 
the log portion ls the same as the solvent s;lbpe. P cannot be evaluated 
from Equation (3.tO) for di lute polymer flowsp. but the definition of P 
yields a working eq-ation directly. Namelyp. 
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E" = =2 .. ~ r:. . ,A}. 
pUAVG 
(3.11) 
Thus, for drag-reducing flows.P Is calculated using pressure-drop and 
flow rate data and It ,remains constant f©r the entire analysts. A+·ls 
the ct>nly !n~ut parameter which Is determined by Iteration. 
The cornputa.tlonal scheme begins with Rand P fixed' by the experi-
mental conditions, k = 0.45, and an initial value of A+. 
The di str I but! ons of E(y~ and U' Cy•) .are. computed using Equations 
(3.9) and (3.7). The value of P obtained by using Equation (3.8) is 
compared to the experimental value from Equatien.(3~11).' If the error 
+ is large,.the value of A is changed and the entire process is repeated. 
The cycle continues untl I the value of P, which satisfies the normal!-
zation condition (Equation [3.8])i is the same as the experlmental 
value. The,velocity profile generated in this manner is then compared 
to the experimental data. However, note that there are no free para-
meters unless the ~ondition k = 0.45 Is relaxed. This Is Important 
because If the c~lculated prof! Jes agree with thei experimental data 
the computational scheme becomes a prediction technique for drag-
1 
reduction ;veloclty;prQfl les. 
· Mean velocity i;>rofl les Were predicted for al I seven drag-reducing 
flows discussed In thi1i research. The actual experime.ntal parameters 
were used In the determination of Reynolds number,and P. The results 
of these predictions ar, compared to the experimental data fn Figures 
40, ·41 _and 42. The agreement Is excel lent. The values of A+ which 
resulted from the calculations are shown in Table VI I. It should be 
noted that the values of A+ for each run are comparable to the y4 
values at the. intersection of the log and .buffer regions for that 
corresponding run (see Figures 26, 27 .and 28). 
TABLE VI t 

















The ~ddy diffusivity model out~ined here qnd applied to the di lute 
polymer flows is plotted In Figures 43 and 44. The eddy diffusivity 
of the Polyox WSR-301 has th.e greatest magnitudej whi·le the diffusivity 
for Mc1gnlfloc 837-A is suppressed somewhat and. the Separan AP273 diffu-
slvity is the lowest of c1l I drag-reducing polymer ,results. In addition, 
it should be noted that the eddy diffusivity data for the AP273 reaches 
a maximum at the channel center, which is different than the behavior 
for either the solvent or the othe~ di lute polymer flows. 
The diffusivity distributions qt comparable Reynolds numbers for 
solvent and drag-reducing flows are compared in Figure 45. 
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Polymer Solution Characterization 
Drag Reduction 
A careful characterization of the drag-reducing solution was per-
formed after each data run. Pressure drop and flow rates tests were 
conducted and the drag-reducing capabilities of the solution were 
obtained. These measurements are an excel lent indication of the degra-
dation (if any) of the dilute polymer solution. In addition, they can 
be used as an indication of the repeatibi lity of polymer solution 
ml~ing techniques. The drag-reducti,on data Is more fully documented ..-
and presented in Appendix B. 
Vi seas i ty 
In most of the previous di lute polymer experiments the vit~.eoslty of 
the solution was assumed to be independent of the shear·rate. The 
physical appearance of the 100 wppm solutions of Separan AP273 sug-
gested that a more extensive examination of the viscosity of the 
dl lute polymer solutions was needed. As mentioned prevlously, the 
viscosity of the di lute polymer solutlons was measured over a shear 
rate range of J5 sec-1 to JOOO sec- 1 by using two Couette vlscometers 9 
a Brookfield Synchro-Electrlc Model LVF and a Fann model V-G, The 
maximum possible shear rate for each viscometer yields the most accu-
rate data, thus more emphasis is placed on the readings at 1022, 73.4 
and 36. 7 sec-1. 
The viscometrlc data is shown in Figure 46, For the 31,3% drag-
reducing solution for AP273 (the first data run), only a single vis-
cometer reading was taken, More careful documentation of later AP273 
polymer solutlons Indicated that a "family" of curves described the 
shear rate dependence of the viscosity for 100 wppm solutions. A 
curve belonging tb this faml ly was constructed for the single data 
point mentioned above. Thus the viscometrlc curve for the 31.3% 
drag-reducing solution of AP273 is an approximation. 
It ls interesting to note the degree 0f non-Newtonian properties 
for these fluids. The polyacylamides are most pseudoplastlc whl le 
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thi ~olyethlene oxide is more Newtonian in its behavior. Al I solutions 
appr01;1ch Newtonian behavior at lower she1;1r rates (<100sec- 1 )JI but most 
flows have shear rates above this value. 
CHAPTER IV 
DISCUSSION 
The Interpretation and discussion of the results can be divided 
Into tw.o general sections., namely, the mean veloclty results and the 
turbulent veloclty fluctuation results. The mean velocity results in 
the drag-reducing flows and their relationship to previous results wi 11 
be discussed In two general ways. First, the veloclty pr0fl le wi 11 be 
divided Into the three characteristic regions. and each region wi 11 be 
dlscu.ssed. The regions are the viscous sublayer, the buffer region 
and the log portion. Secondly, the predictive technique for the cal-
culation of the velocity profile and the turbulent transport mechanisms 
In the drag-reducing flows wl 11 be discussed. 
The turbu.lent Intensity information wl 11 be compared to previous 
results and wi I I be used to demonstrate the Importance of the buffer 
region In drag-reducing flows. In addition,. some qualitative judge-
ments will be made abo.ut the structure of a drag-reducing fl.ow from 
the energy density representation of the velocity fluctuatton results. 
Mean Velocity 
The purpose of this section Is to ex.a•f,ne qnd Interpret the mean 
veloclty measurements for the di lute polymer flows. References to 
previous investigations wi I I be made when necessary and p0sslble 1 but 
It must be reccll led that such comparisons are between the data from a 
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two-dimensional turbulent channel flow and that of an experiment con-
ducted ih a square duct. 
The results of this study generally show the existence of the 
three regions In a drag-reducing turbulent boundary layer~ The three-
region .concept constitutes an apparently rather widely accepted (not 
necessarl ly proven) picture of drag-reducing flows. A general descrip-. 
t I on of these three reg l ons fo I I ows: 
l. Viscous Sublayer: The near-wal I portion of the boundary 
layer, where viscous forces pre<;Jomlnate and the velocity 
~roflle Is I inear. The non-dimensional velocity· prof! le 
In this region ls described by the linear relationship 
u+ = y+ Csee Figure 47). 
2. Log Region: The outer portion of the turbulent wal I 
layer. The log region for dr$g-reducin~ flows has been 
shown to flt the expression U = A ln y + B + AB (see 
Figure 47). AB is an additive constant and represents 
a vertical shift ln the log portion of the velocity pro-
file. The constants A and B, (A= 1/k) are equivalent 
to those for a solvent flow. The mean velocity in this 
portion of the flow appears to be equivalent to a New-
tonian flow. This region is apparently outside the 
major dynamic Influence of the polymer additives. 
3. Buffer Region (Elastic Sublayer): The region Joining 
the viscous sublayer and an elevated log region. A 
typlcal curve, u+ ~ C In y+ + D, (see Figure 47), des-
cribes the buffer region. At high amounts of drag-
reduction the velocity curve within the buffer region 
describes what some researchers refer to as the 
"ultimate prof! le" Csee Vlrk (21 ), Tomita (19)). The 
buffer region ls the zone in which the effect of the 
polymer additives .ls seen most dramatically. The 
shape of the prof! le within the buffer region .and its 
Junction with the viscous sublayer are areas of wide 
data scatter. 
The measurements made here al low a detal led examination of each of 
these reg Ions. 
The extent of the I inear curve, u+ = y+, in the near-wal I region 
Is the first area of discussion. A controversy exists concerning so-
called "sublayer thickening" which is represented by the velocity 
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profile remaining I !near to a y+ = 15 to 20 instead of the solvent 
value of 8 to 9, Four investigations, includlng this one, have made 
velocity measurements at y+ < 10, For convenience, Table VI II. indicates 
the extent of the linear curve and the lowest y+ location at which 
velocity measurements were made In each of these Investigations. 
TABLE VI I I 
COMPARISON OF NEAR-WALL LASER ANEMOMETER 
MEASUREMENTS IN DRAG-REDUCING FLOWS 
Author Maximum y+ Lowest y+ 
for which u+""Y+ Measurements 
Logan ( 1 l ) 10 10 
Rudd ( 1 5) 19 8 
Kumor & Sy Ivester (] 0) 16 3 
Present Work 9 3 
Past efforts show considerable scatter which may be a result of their 
experimental faci I ities. Recal I that these investigators utl Ii zed 
square ducts. The present work demonstrates that the I !near portion 
of a drag-reducing velocity prof! le has the same non-dimensional extent 
as that of a solvent profile, and that the veloclty prof! les leave the 
u+ = y+ curve at a different slope than the companion solvent data 
(see Figure 29), It must be concluded from this study that the linear 
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portton of the velocity .pr0fl le extends to a·y+ of about 9, which 
determl nes the extend of the viscous sub I ayer. Thus, the non-d imen-
sl ona I mean velocity data for a drag-reducing and s0lvent flow in the 
near-wal I region a.re equal and the polymer additives do not yield a 
thlckenea vf5cous -~ublayer. 
The buffer region of the velocity prof! les shown. in Figures 26 
through .28.have been described by the equation u+ ~ C logy++ D 
where C an<::I Dare tabulated in· Taple.V. The. formulation of an .equation 
which ls designed to describe an "ultimate profile" using these values 
Is not Justified because the range of drag-reductions was insufficient .• 
However, some qua Ii tat! ve charc;3cteri st i cs can be noted. The s I opes .of 
the fitted profiles within the buffer region agree to within 7%, which 
Imp Iles that there exists a constant C = 1/k', wnich describes the 
slope of a un!vers.al profile in the buffer regime., A more extensive 
series of experiments at high drag-reductions would provide a crucia.1 
Input to the characterization of a so-cal led ."ultimate prof! le". 
The buffer region ls obvlou.sly a region wherein the polymers have 
a strong Influence on the mean velocity prof! le. In fact, Figures 26, 
27 and 28 show that the log region and vlscotls sublayer of the di lute 
polymer flows are sl.mllar to thos~ of wate·r, but-the burffer regions 
vary. wldely. The mecJn flow ct:iaracterlstlcs are altered In the. buffer 
reg I on. · 
The logarlthmlc,region of -the mean velocity prof! le for a drag-
reduclng flow Is shifted by an.amo1.1nt 6B due to the change in the 
buffer region profile (see Figure 47). The results presented herein 
made It possible t0 directly measure 6B and. consequently to test the 
aval lab le 68 pre(jicti.ve schemes. The experimental values of 68 were 
shown. In Table V. The various methods of t.B prediction and their 
origin are shown in Tab~e IX. 
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The basis for the pred i ct·t ve methods can be divided . into three 
general categories. First, the length-scale models, wherein van Driest 
(39) and Meyer (40) use characteristic lengths such as sublayer thick-
ness, buffer region thickness, pipe dlamete~, etc. The time-scale 
models form a second group of t.B predictors. These models are typical Jy 
the ratio of a polymer characteristic time (rel-axation time, critical 
shear rate, etc.) and a characteristic flow time based on wal I para-
meters. They form the basis for the works of Elata (4), Tomita (19}, 
Seyer and Me'tzner (l6), and Rudd (15). The predictor of Virk, et al. 
(21) Is composed of general flow parameters, such as UAVG and u,. 
In .the case of Elata, t.B cannot be obtained from experlmental data 
because the value of ct is unknown. However, It has been hypothesized 
by Elata that ct Is a function of polymer species and concentration, 
and thus a would be a constant for each polymer species tested here. 
This feature can be examined with the experiments. Figure 46 demon-
. strates that the predicted ct Is a strong function of t.B and not a 
constant. 
For the remaining schemes, predicted value of t.B can be found 
based upon the experimental conditions; this value may then be_ compared 
to the actual t.B determined from the measured velocity profiles. These 
comparisons, In addition to the .a results of Elata's model (4), are 
the subject of Table X. Table X Is graphlcal ly presented in Fl,gures 
48 and 49. · It can be seen from these two figures that the predicted 
and actual values are wldely scattered and not in good agreement. They 





Elata, et,al~ (4) a. In 
u 
Meyer ·(40) IT AVG - 2,5 - 5.66 log ~·. 
u. 2uw 
t6in!ta (19) 
Vlrk, et.al. (21) 
Rudd · C 15) 12 D' - 2. 44 In 01 - I I. 5 
van Driest (39) 1 1 In L+ + B' - 5.0 
k1 k 
Seyer & Metzner ( 16) B (t ) -- + A I + A 1 · YI .. n ·YI 
TABLE X 
COMPARISON OF ACTUAL TO PREDICTED VALUES OF ~B 
~B 
Run Re Act.ual Tomita Virk Rudd van Driest 
DPS- 5 20, 196 7.2 4.4 4.2 7.7 4.6 
DPS- 6 26,373 8. J 5.0 4.9 10.5 5.2 
DPS- 7 44,516 9.2 6.0 4.5 1 8. 4 6.2 
DPS-JO 20,582 4.4 1.3 3.0 4.8 1.4 
DPS-11 37,490 7.0 3.6 3.7 1 5. 1 3.8 
Df!>S-12 46,037 8.2 4.7 ;.-4. 5 18.6 4.9 





8.4 14. 3 
4.3 7.8 
6.4 11. 8 














a s l ng I e f I ow rate, eta. ) • Of the seven methods of t.B predict l on 
reviewed,the one of Meyer Is superior, even though· ft has discrepancies 
gn the order of 25%. The appl icabl llty of any of these aforementioned 
predictors to a wide range off lows and polymer species Is not practical. 
Further attempts have been made to simply correlate (not predict) 
L\B using the characteristic Nme based on wal I parameters, and funda-
mental flow time-scales, such as polymer relaxation time, t 1, or the 
time between bursts, T8• (See Donohue, et al.(41)). These two char-
acteristic times are fundamental measures of the identity of a specific 
2- 2 2- 2 flow.· The ratios u/u, T8, u/u, t1, u/ur T8 and u/ur t1, were com-
puted and plotted as a function of L\B and drag reduction percentage. 
No corre I at l on .was present. 
The predictors based upon length-scales used thus far, namely 
those of van DrJest and Meyer, have not used th~ fundamental wal 1-
region length In an attempt to col lapse the t.B data. Thl.s fundamental 
length is the low-speed streak spacing,>,., and the normalized spacing 
ls >,. +=>,.u,/u. For the corre I at ion attempts made here >,. + was opt a i. ned 
from Donohue, et al. (41 ), >,. was then calculated using experimental 
values of ur and u. The parameters>,. and>,.+ were plotted versus 68. 
A correlation was not present - thus.a wal I-layer length scale does 
. not appear to be the basis for dB predintion. The radius of gyration 
of the polymer molecule is an attractive correlation parameter, but 
the comp I ex I ty .of the mo I ecu I es makes. expel"'! menta I dete rm i natl on of 
the radius of gyration Inaccurate • 
. In lieu of a tlrne1 or length scale correlation there exists the 
possibi I lty of .t.B correlation on flow parameters (e.g. ITAVG' per cent 
drag-reduction, etc.). At the onset of this work It was thought that 
llB data would collapse to a single curve when plotted as a function 
of percent drag-reduction. This is not the case. The data does 
col lapse Into a faml ly of para I lei curves (see Figure 50) If one 
assumes that the sl.ngle data point for Polyox WSR-301 indicates a 
curve.· Thus, drag-reduction only partially correlates the ll8 para-
meter. 
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The correlative attempts here have shown that ll8 may be.predicted 
nicely when a single polymer type is considered. Previous workers 
have Implied universal correlations based upon single polymer species 
investigations and implicit assumptions about how the polymer mole-
cules affect the flow. It has been shown that these predictors are 
inadequate. A sound engineering approach would be development of a 
model which predicts the entire mean velocity prof! le even if the 
model yielded I lttle insight into mechanism. 
Using the calculation scheme outlined in Chapter I I I, the use of 
the Cess (36) model for turbulent diffusivity al lows a prediction of 
the mean veJoclty profile for a drag-reducing flow to be made~ These 
predictions are based upon knowledge of uT, UAVG and u. 
The velocity profile calculations were made herein (see Figures ~O, 
41, for example.) for seven drag-reducing flows with three polymer 
species and a range of drag-reductions from 24 to 40%. ft cannot 
be implied that this type of prediction technique will withstand the 
tests of universality, but it does appear to have Important engineer-
ing usage. The AB derived from the mean velocity profile predictions 
is compared to the experimental values In Table XI.· The agreement 
is excel lent. Table VI I shows the values of A+ which are obtained for 
each calculated mean velocity profile. These values indicate that A+ 
TABLE XI 
RESULTS OF AB PREDICTION USING CESS MODEL 
Run Expert menta I AB Mode I AB A+/AB 
DPS- 5 7.2 7.3 10.2 
DPS- 6 8. 1 8.0 9.4 
DPS- 7 9.2 9.4 10.0 
DPS-10 4.4 4.8 12.5 
DPS-1 l 7.0 7.2 10.2 
DPS-12 8.2 8.4 9.8 
DPS- 9 7.0 6.9 10.1 
is, .in general, an indication of the non-dimensional extent of the 
combined buffer region and viscous sublayer. The ratio of A+ to 
the experimental value of AB is shown in Table XI. Excluding one 
value the ratio is constant to within 6%. The reasons for the ratio 
being constant are not understood, but they are undoubtedly related 
to the non-dimensional mean velocity slope In the buffer region~. 
It should be reiterated that a predictive scheme for the mean 
velocity prof I le has been shown to be val id for a variety of drag-
reducing flows, The AB parameter may be found directly from the 
predicted mean velocity profile. In addition, the constant A+ gives 
a reasonable estimate of the buffer region's thickness. 
The original Intent in using the expression of Cess (36) was to 
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determine its validity In predicting the turbulent transport properties 
of drag-reducing flows. T~e distribution of eddy diffusivity ls cri-
tlcal In the determination of the momentum, heat and mass transfer 
through a shear flow. Tbe Cess expression Is extremely practical In 
that it is a continuous expression and ylelds the correct velocity 
gradient and a finite fluctuation level in the outer stream. 
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Useful interpretations can be made from the··.results of the diffu-
sivity calculations. Figure 45 compares the calculated eddy diffusi-
vitles for water and di lute polymer flows with equivalent Reynolds 
number. The major point of interest here 13 the reduced turbulent 
mixin~ in the di lute polymer flows. The reduced mixing has been noted 
by others, in the form of reduced heat transfer coefficients (see 
Gupta et a I. (42) and Latto and Shen (43)). This shou Id be expected 
because for moderate Prandtl number fluids the eddy diffusivity of 
heat is equal to the eddy diffusivity of heat. This single input 
(eddy diffusivity) coupled with the energy equation and appropriate 
boundary conditions would be sufficient for calculating the decreased 
heat transfer rates. 
Turbulent Intensities 
The use of the LAMIR and.experimental faci llty described earlier 
permitted unambiguous measurements of streamwise turbulent intensities 
to be made. The results shown here are believed to be Indicative of 
the effect of ~olymer additives on the turbulent intensities in a 
general two-dlmensional turbulent boundary layer. The results differ 
quite widely from those presented by Rudd (15), Kumor and Sylvester (10) 
and Logan (ll ), and due to the experimental differences in these works, 
only qualitative comparisons can be made, 
Figures 31, 32 and 33 most dramatically present the differences 
in the intensity measurements. Rudd's data is shown and it is typical 
of Logai:, 1 s and Kumor and Sylvester's measurements. The data from this 
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study shows the general effect of polymer addition (as shown by Figures 
31, 32 and 33) is a loss of the distinct peak of the solvent case and 
a redistribution of the primary turbulent activity into a broad band. 
Note that the turbulent Intensities In the near-wal I region (y+ < 9) 
are reduced. The motion pictures of Donohue and Tiederman (44) confirm 
this change in the near-wal I region of a drag-reducing flow. The dye 
injected at the wal I showed a suppression of activity in the turbulent 
# 
structure - that is, the dye was distributed much more evenly and the 
distinct- features (such as low speed streaks) became less identifiable 
and blended better Into their surroundings.· 
The energy density function is another method of visual !zing the 
viewpoint offered here. Reca 11 that Figures 35, 36 and 37 are repre-
sentative of the turbulent kinetic energy at various y+ locations of 
both solvent and drag-reducing flows. The curves themselves indicate 
the amount of energy contributed to the total from a specific magnitude 
of velocity fluctuation. The redistribution of turbulent activity is 
again seen by noting that as one moves away from the wal I the energy 
content gradually Increases, peaks at about y+ = 40, and gradually 
decreases as the outer flow regions are approached, Whereas energy 
content of the water flow peaks at y+ = 10 to 30, in accordance with 
the results .of Uzkan and Reynolds (35). 
Kline, et al. (45) have shown that the buffer region is a narrow 
+ region (8 < y < 30) of intense turbulent action in a non-drag-reducing 
flow. The largest values of turbulent kinetic energy production occur 
+ at y ~ 12 as shown by Kim, et al. (46). The peak in the turbulent 
intensity plot u'/uT occurs at the same location. Thus the buffer 
region and turbulent productioh are lntlmately related. For a drag-
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reducing flow the peak which represents rnaxTmlllm1 energy production has· 
moved away from the wal I and has become much broader, wh~ch imp I ies 
a "buffer layer thickening", Recal I that the viscous sublayer was not 
thickened. The I og region of the prof I I e has been shown to remain 
essentially the same In both the mean and f lt1ctuatlng sense. It 
appears then that the .alteration to the flow by polymer addition is 
In the productive region, or the buffer region. 
It Is now established that the polymer additives serve to reduce 
the production of turbulence (see Donohue, et al. (41 )) and to broaden 
the buffer region which is the turbulence productive region 0f the flow. 
How the polymer additives make their presence felt so strongly in the 
buffer region Is not known at thi~ time. It Is clear, however, that. 
the region of concern should be the buffer region~· The changes to 
turbulent production are being made in this region, and further.probing 
should be concentrated there, 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
Summary 
The laser anemometer measurements conducted here yielded accurate 
mean and fluctuatlng velocity prof Iles for seven drag-reducing flows. 
This data was sufficient for 1) develop Ing a prediction scheme for the 
turbulent transport of momentum and consequently prediction of the 
mean velocity profile, 2) providing an experimental datum for testing 
phenomenological models of drag-reduction~ and 3) provid~ng a further 
understanding of the drag-reduction me.ch an Ism. 
A large amount of data was taken with a laser Doppler anemometer 
in both solvent and di lute polymer flows. The data obtained in water 
verified the standard character, two-dimensionality and symmetry of the 
flow channel constructed for these measurements. Velocity measurements 
were made in drag-reducing flows In which parametric changes.were 
systematically made in both the polymer properties (molecular weight) 
and flow conditions (drag-reduction). Extreme care was taken in the 
documentation of the experimental facility and In the data collection 
and reduction. In addition, corrections were applied to the data to 
account for both statlstical and velocity gradient biasfng. 
The data for the drag-reducing flows can be compared to previous 
drag-reducing results and to the equivalent solvent flows. The summaries 
of the comparison made for each of the objectives fol lows.· 
ri1 
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Mean Velocity and Transport Property Calculations 
For the range of drag-reductions encountered here, the mean velocity 
measurements confirm the concept of three zones within the turbulent 
wal I layer. The use of a Cess (36) model and the knowledge of basic 
flow parameters permits the predictfon of the mean velocity profile 
and consequently the turbulent transport properties. The calculation 
procedure can be out 11 ned as .fo 11 ows. 
The flow parameters needed are u,, u, and UAVG• The kinematic 
viscosity may be obtained using standard vlscometric techniques. The 
quantity UAVG can be obtained by simply knowing the flow rate. The 
shear velocity, Up is obtained using pressure drop measurements and 
a momentum analysis. The actual calculation procedure ls discussed 
In Chapter I I I. The numerical analysis results in a predicted mean 
velocity prof! le, "[t(y' ), and an eddy diffusivity distribution E(y' ). · 
The calculated U' (y') is in good agreement with the experimental data 
and the final value of A+ in the Cess expression is an indication of 
the bu.Her region thickness. The eddy diffuslvltles for drag-reducing. 
flows showed a lower magnitude and a maximum point shifted slightly 
away from the wal I. The technique ls of engineering usefulness and 
should be tested at higher amounts of drag-reduction and over a more 
exhaustive sample of polymer species. 
68 Prediction 
The ab! I ity of seven models to predict the b.B parameter was tested 
and shown to fai I. The plotted mean velocity profile generated using 
the predictive scheme developed in this thesis yields a 68 that is 
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In exce I I ent agreement with the exp er I men ta I va I ues. It must be noted 
that the prediction of tiB when g I ven the ent i re ve I oc i ty p rot i I e from 
the above prediction ls straightforward. 
Mean Flow and Turbulent Intensities 
Considerable velocity measurements were made In the near-wal I 
region of the di lute polymer flows, The results indicate that the 
viscous sublayer (y+ < 10) has mean velocity characteristics very 
similar to that of a solvent flow. In addition, for the drag-reduc-
tions encountered here <%DR< 40) no I !near sublayer thickening is 
shown. Instead, the thickening effect takes place In the buffer region. 
Finally, the log region appears to have the same slope as the solvent 
flows but is displaced upward. Joining the individual parts, one 
obtains a mean velocity profile with a thickened buffer region which 
joins a sublayer to an elevated log region. 
The turbulent intensities measured herein are in agreement with 
the past visual observations. Both Indicate a loss of distinct 
features in the flow. For example, the distinct peak present in the 
solvent intensity prof! les Is not present. The drag-reduced intensity 
prof! le has a broad peak which is displaced outward from the wal I. The 
intensity measurements also compliment the eddy diffusivity predictions, 
that is, the reduced eddy diffusivity imp I !es reduced turbulent activity 
and the reduced intensities of the turbulent fluctuations confirm this 
finding. Furthermore, the limited results obtained from the energy 
density representation of the velocity support the finding that the 
flow lacks distinct features. 
Conclusions 
The major conclusions of this study can be stated as fol lows: 
1. The model proposed by Cess (36) for the turbulent 
transport of momentum (eddy diffusivity) can be 
utl I !zed In the prediction of turbtJlent diffusl-
vltles for di lute polymer flows. The model may 
also be utilized in the prediction of the mean 
velocity prof I le for a drag ... reducing flow. The 
mode I is s l mp I e, stra I ghtforwa rd and requ I res on I y 
Information about the general flow parameters. 
2. The eddy diffusivity for a drag-reducing flow is 
reduced from that of a comparable solvent flow.· 
This Implies reduced turbulent mixing and reduced 
heat transfer coefficients. 
3, The methods previously proposed for prediction OTI the 
mean velocity prof! le shift tack uni versa I ity. This 
deficiency is apparent in their inabl I ity to predict 
the 68 shift for di lute polymer-flows where the polymer 
species and drag-reduction were varied. The prediction. 
technique outllned here does predict 68 well, as well 
as the remainder of the mean velocity prof! le. 
4. ·· The near-wa I I ve I ocl.ty measurements have shown that; at 
least for drag-reduction of 40% or less, the viscous 
sublayer, Indicated by a I inear veloclty profile, Is 
of the same extent as a comparable solvent flow •. There 
exists no evidence of a thickened sublayer. 
5. · The effect of the polymer additives is to redistribute 
the turbulent motion into a broader buffer region. The 
Intensity .of the turbulent velocity f luctuatlons are 
decreased when compared to a solvent flow of equiva-
lent Re. - There are indications that the region of 
maximum kinetic energy production Is m0ved outward and 
Is distributed more evenly than it Is in a solvent flow. 
This pher-1omenon was .. p resEint regard I ess of po I ymer species 
or amount. of drag-reduction. 
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APPENDIX A 
UNCERTAINTY ESTIMATES AND DATA TABULATION 
The desire to provide accurate velocity measurements in drag-
reduclng flows prompted a complete examination of the uncertainties. 
The sources of error which may be considered significant are the 
1) probe volume location, y, 2) kinematic viscosity, u, 3) mean velo-
city, TI', and 4) turbulent intensities, u'. The errors in the last two 
quantities are largely random and are calculated based on a 95% level 
of confidence for each sample set. The calculations were performed 
using "student t" and "chi-squared" distributions. 
The confidence intervals of 95% in the value of TI' are larger than 
the errors induced by systematic experimental inaccuracies, which are 
estimated to be 1%. The 95% confidence intervals for al I of the mean 
velocity and the turbulent Intensity measurements are shown in Table XI I. 
It should be recalled that the estimated accuracy in locating the 
probe volume position Is y ± 0.0005 inches. The error in kinematic 
viscosity measurement at high shear rates (the Fann viscometer) was 
approximately 10%. The estimated error in the viscosity measurement 
using the Brookfield viscometer is 3%. Thus, when moderate shear rates 
(< 100 sec- 1 ) are present the accuracy of the kinematic viscosity 
changes from 10% to 3%. 
The basic error sources and the amount of error present has now 
been identified and enumerated, and an uncertainty analysis fol lows. 
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TABLE XI I 
VELOCITY DATA TABULATION 
Run y+ u+ N U % Error u' % Error y % Error y+ % Error u+ % Error 
Designation 
SOL-J 4 5.9 6.6 232 4.2 9.3 4.8 7.6 6.5 
9.2 8.7 332 3.4 7.7 3.0 6.6 6.0 
(Re;;;.17, 700) J 8. 0 1 l. 5 380 2~1 7.3 1. 5 6.0 5.4 
35.9 13. 6 289 1. 9 8.3 0.7 5.9 5.3 
67.2 15.J 222 1. 5 9.4 0.4 5.8 5.2 
J 40. 0 l 7. J 75 1. 9 16.2 0.2 5.8 5.3 
286,0 18.2 50 1.6 16.7 o.o 5.8 5.2 
SOL-15 2.7 3.7 173 7.5 10.7 10.6 1 2. 1 9.0 
6. 1 6.2 223 4.7 9.4 4.8 7.6 6.9 
<Re= 18, 500) 9.6 8.4 179 4.8 10.4 3.0 6.6 6.9 
258.0 18. 5 52 1. 2 19.3 o.o 5.8 5. 1 
SOL-12 7.8 7. 1 314 5.8 8.0 4.7 7.5 7.7 
13.6 10.2 300 4.0 8. 1 2.7 6.4 6.4 
(Re=24,700) 19.4 11. 9 260 3.5 8.7 1. 9 6. 1 6. 1 
37.1 13.9 169 3.2 10.8 0.9 5.9 5.9 
108.0 16.4 103 2.6 13.8 0.3 5.8 5.6 
223.0 1 8. 5 72 1. 8 16.5 O~ 2 5.8 5.3 
377 .o 19.5 90 1. 1 14. 8 0.0 5.8 5 0 1 
SOL-13 4.4 3.8 276 2.7 8.5 16.7 17 0 7 5.7 
6.6 6.8 458 2.6 6.6 10.9 12.4 5.6 
(Re .. 55,200) 9.2 8.6 1 OOJ r. 8" 4"5 7.8 9.7 5.6 -.J 
SOL-13 17.9 11. 7 1028, 
35.4 14. 2 10T4 
CRe=>55, 200) 179.0 17.3 224 
361.0 19.8 159 
778.0 20.9 179 
DPS- 5 3.2 3.6 188 
6 .1 6.2 219 
(Re=20,200) 8.9 8.2 202 
13.1 10.2 215 
17.3 12.0 117 
33.8 17.8 156 
67.8 22. 1 70 
134.0 24.5 69 
DPS- 6 3.6 4.4 157 
6.7 6.7 1 81 
CRe"' 26, 400 ) 9.5 9.3 1 41 
17.8 13. 5 193 
23.7 15. 6 132 
36.6 1 9. 1 73 
52.9 22.6 53 
102.0 24.6 47 
169.0 25.6 51 
TABLE XI I (Continued) 
1 .. 2 4~4 
0 .. 9 4 .. 5 
1.3 9.4 
1. 0 11. 2 
0.6 10.5 
4. 1 10.2 
3. 1 8.5 
3.4 9.9 
3.0 9.6 
4.0 13. 0 
2.9 10.3 
3. 1 16.7 
1. 7 16.7 
4.6 11. 3 
3.4 10.5 
3.9 11. 8 
3.0 1 0, 1 
3.3 12. 2 
3.6 16.4 
3.8 19. 1 
2.8 20.2 
1. 3 19.5 
4. 1 7. 1 




4.8 12. 6 
2.5 11. 9 
1.7 11. 8 





5.9 13. 1 
3.0 12.0 
2.1 11. 8 
1.0 11. 7 





























TABLE XI I (Continued) 
DPS- 7 4.6 5.3 302 2.5 8. 1 5.9 13. l 6.5 
8.5 8. 1 1001 1 • 1 1.4 3.0 12.0 6. 1 
CRe~44,500) 12. 5 10.6 311 2.5 8.0 2. 1 11 • 8 6.5 
19.8 14.9 236 2.3 9. 1 1.2 11 • 7 6.4 
30.8 1 8. 1 155 2.6 11. 3 0.7 11. 7 6.5 
44.7 21.6 106 2.8 13.6 0.5 -6:.7 6.6 
73, 8 24.5 61 3.0 17.8 0.3 6.7 6.7 
136. 0 26.8 64 2.2 17. 5 0.2 6.7 6.4 
229.0 27.2 61 ]. 1 l7. 8 0.0 6.7 6. 1 
DPS- 9 8.4 8.4 8T6 1 • 2 1.6 5.9 1 3.. 1 6. 1 
1 l. 8 · 11 • 0 1019 1.2 1.4 4.0 12.3 6. 1 
(Re;;:;52, 400) 19.0 14.7 951 1.0 1 • 5 2.5 11. 9 6. 1 
29,4 18.3 223 2.2 9.4 1 • 5 11. 8 6.4 
49.0 21.2 123 2.3 12.6 0.9 J 1 .7 6.4 
75.4 23.0 109 1. 8 13.4 0.6 6.7 6.3 
144.0 24.6 _ 59 1.7 18. 1 0.3 6.7 6.2 
268.0 25.5 67 1. 1 17. 1 0.2 6.7 6. 1 
453.0 26.2 13 1. 9 38.0 0.0 6.7 6.3 
DPS-10 3,9 4.4 278 4.0 8.4 4.8 12.6 7.2 
7.5 7.4 294 3.0 8.2 2.5 11. 9 6.7 
(Re=<20,600) 10.9 9. 7 326 2.8 7.8 1. 7 11. 8 6.6 
14.3 11. 3 285 2.8 8.3 1.2 11. 7 6.6 
21. 2 13.9 1 81 3.0 10.4 0.8 Ei;8 6.7 
36.0 17.0 131 2.4 12. 2 0.5 6.7 6.5 
71. 2 19.7 75 2.4 16. 1 0.2 6.7 6.5 
106.0 21. 4 75 1 • 6 16. 1 0.2 6.7 6.2 
180. 0 21. 7 81 1. 0 15.5 0.0 6.7 6 .1 
-.J 
\.J.J 
DPS-11 4.5 5.4 265 
8.3 8.3 256 
CRe=37, 500 > lJ • J 9.8 252 
17.0 12, 5 246 
2~.8 14.3- 195 
45.8 19.7 104 
83.9 23.3 64 
171. 0 24.9 57 
289.0 25,;2 69 
DPS-.12 - 5.2 5.7 197 
8.3 8.3 195 
CRe=46,00) 12.2 10.4 139 
18.2 13. 1 138 
30.4 17.5 125 
50.5 21. 4 89 
105.0 25~3 46 
196.0 26.6 50 
332.0 26.4 50 





3. 1 1 o. 1 
3.2 13.7 
2.2 17. 5 
1. 5 18. 5 
1 • l 16.9 
4. 1 10.0 
3. 1 1 o. 1 
3. 1 11. 9 
3.3 11. 9 
3. 1 12.6 
2.9 14.3 
2.3 20.4 




2.7 12. 0 
1.8 11. 8 
1.2 11. 7 







1.9 18. 8 


























+ + - - -The calculatlon of u., U, y, UAVG' u'/U and u./UAVG ls dependent 
upon experimental quantities and errors in these derived quantities was 
calculated using the methods outlined in Barry (47), 
The errors in u., UAvG, u./UAVG are constant for each flow and they 
do not very slgnlflcantly from flow to flow, The wal I shear velocity is· 
computed from 
(A-1) 
Only near-wal I data Is used to determine u. and In this region the errors 
are large. In general, the errors prevalent in the computation are 
u + 10%, y ± 5% and IT± 5%. The resulting error in u. is 
The mass-average velocity is determined by a velocity profile lntegra-
tlon and Is accurate to within 
UAVG ± 4% 
Thus, the error In u./UAVG is 
The non-dimensional coordinates u+ and y+ have errors that are a func-
tlon of the local uncertainties. That is, for drag-reducing flows 
and 





The errors In IT, v and y were discussed. earlier and the resultant error 
+ . 
in y+ and U calculated from Equations A-2 and A~3 are shown in Table 
Xhl. The value of u. for the solvent flows obtained by "fitting" the 
data to the universal velocity prof! le. The uncertainty present in 
this type of fitting procedure Is estimated at 5%. 
The uncertainty in the turbulent intensities, u', is a function of 
the sample size from which u' was calculated and must be determined for 
each data point measured. These values are also shown In Table XI I. 
The e~µect.ed uncertainty of the ratios u'/u and u'/U can be calculated 
1" 
at each measuring location. Excluding a single ~ata point the error in 
u'lu. has a maximum of 21% and a minimum of 9% •. The bulk of the measure-
ments are on the order of 
The error in the ratio u'/U may also be calculated from Table XI I. The 
range of error Is found to be from 7% to 20%, with the bulk of the 
measurements being accurate to 
[u' ;u]± 10%. 
APPENDIX B 
DRAG-REDUCTION RESULTS 
This Appendix presents the results of the pressure drop-flow rate 
tests performed on the drag-reducing polymer solutions. These measure-
ments were made in an effort to obtain independent verification of the 
drag-reducing properties of the di lute polymer solutions. In addition~ 
the results give an Indication of the conslstancy with which the poly-
mer solutions were mixed. 
Since the pressure drop in the two-dimensional channel was too 
sma I I to be measured accurate I y, two nine-foot st-a in I ess stee I pipes 
(0.835 and 0.425 inches diameter) that operate from a blowdown reser-
voir were used. The solutions were removed from the piping upstream 
of the entrance channel and, thus, the solutions were the same unde-
graded solutions used for the velocity measurements. Two pipes were 
used in an effort to give a broad range of data. 
The amount of friction reduction was calculated by measuring the 
pressure drop in the pipes for a flow with and without the polymer 
additives. Percent drag-reduction can be found from 
% DR ::, [[ti.P] SOI - . [t,.PJnes 1 x 100 
[ti.PJsoL 
( B-1 ) 
Here the pressure drop comparison is made at the same flow rate. The 
polymer solution characterization data for the three mixes of Separan 
77. 
78 
AP273 and the three mixes of, Magnlf lac 837-A, and the single mix of 
"· ... ,,. 
Polyox WSR-301, are shown in Figures 51, 52 and 53 respectively. There 
are two important items to note. First, the data scatter appear very 
wide, but consulting the data for a specific run indicates that the 
scatter is relatively smal I for each run. 
Secondly, the slight but conslstant effect of pipe diameter should 
be noted. There are effectively three diameters represented here: a 
0.835 inch pipe, a 0.425 Inch pipe and a 1.956 Inch (hydraulic diameter) 
channel. The amount of drag-reduction in the channel was determined 
by first obtaining the solvent wal I shear velocity, [u,JsoL from a 
velocity profile integration and use of Figure 21. The percent drag-
reduction was then obtained from 
% DR ::: (B-2) 
The pipe diameter effect appears greater at lower shearing stresses 
for each pipe, and the slope of the drag-reduction curve appears to 
lessen for increasing flow diameters. Thus the shear rate indepen-
dence of drag-reduction as put forth by Whitsitt (48) was not assumedp 
and the pipe pressure drop results are to be used for verification and 
consistancy tests alone. 
APPENDIX C 
FIGURES AND ILLUSTRATIONS 
This Appendix contains the Figures and I I lustrations referred to 
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Figure 3. Turbulent Flow Channel - Overview 
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Pigure 5. Side-Scatter Laser Anemometer Measuring Individual Reallzations (LAMIR) a> v-1 
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Figure 9o Block Diagram of Data Acquisition and Reduction System 
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Figure J1, Comparison of Time-Average and lndlvlduai Realization 
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Figure 22. Streamwise Turbulent lniensities 
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